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2 P. W. WHITING 


INTRODUCTION 


The parasitic wasp, Habrobracon, is excellent material for studying the 
time of occurrence of mutations producing visible effects, since the haploid 
nature of the males prevents recessives from being carried over more than 
one generation before the mutant individuals appear. Recessive mutations 
occurring in the germ tract of the male will become evident in half the 
sons of the females arising from eggs fertilized by sperm bearing the mu- 
tant gene. Recessives occurring in the germ tract of the female will appear 
in her mutant sons. Should the mutated eggs be fertilized, her daughters 
developing from these eggs will produce sons of which fifty percent will 
show the new trait. Exceptions may, of course, appear, due to simultaneous 
occurrence of lethals or low viability reducing proportions of mutants be- 
low expectation, but even in this case count of a fair number of male off- 
spring should bring the mutation to light. 


Rs 


Re 
m-cu- 0 

















FicurE 1—Right primary wing. C. Costal margin. O. Outer margin. I, Inner margin. A, Apex. 
Ri, Rs, Rg. First, third and fourth branches of radius vein. m-cu. Medio-cubital cross-vein. 1, 4. 
First and fourth radial cells. 


The purpose of the present paper is to put on record the salient points in 
regard to the occurrence of the mutants thus far found, together with a de- 
scription of their traits. Details of inheritance including linkage relations 
will not be considered here. All factors are inherited in sex-linkoid fashion 
as is to be expected in species producing males by haploid parthenogenesis 
(arrenotoky). 

THE MUTANT TYPES 
Defective, dyxos (venation) 


One of the commonest hereditary variations occurring in nature is a 
greater or less tendency toward breaks in the fourth branch of the radius 
vein, R, (figure 1). There are multiple genetic factors involved and tem- 
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perature influences the trait, the greater defect being correlated with 
higher temperature. A single gene occurring early in the work, possibly de- 
rived from wild stock (WHITING 1924), was isolated and found to give 
about 95 percent phenotypically defective under standard conditions, 
30°C. Defective is of normal viability and fertility. 


Wrinkled, w (wings) 


A female from pedigree cultures carried a mutant factor causing diffi- 
culty in shedding pupal integument (Wx1TING 1926b). As a consequence 
irregular wrinkling of the wings results and portions of this integument are 
found adhering to the antennae which show a tendency to fragment. The 
fraternity segregating the mutants was small, consisting of males, type 6, 
wrinkled 7, and females, type 4. Failure of the character to appear among 
the mother’s siblings indicates that the mutation arose late in spermato- 
genesis or in ovogenesis of one of the grandparents of the mutants or in 
the germ tract of the mother. Wrinkled is fertile in both sexes but is me- 
chanically hampered in eclosion and in other activities. 


Reduced, r (wings and venation) 


AcHSA M. BEAN found in March, 1925 (Wuttrnc 1926b), a single male 
with small wings and irregular reduced venation (plate 1, figures 18-21). 
The character did not appear in any of the sibs and hence the mutation 
must have occurred late in ovogenesis. The trait is variable but always 
distinct from type. Reduced affects chiefly the middle area of the wings and 
usually causes disappearance of vein m-cu (figure 1). It is of good viability 
and fertility in both sexes. 


Lethal naked pupae 


A single female in pedigree culture proved heterozygous for a factor 
causing metamorphosis of larvae into small sized naked pupae which at- 
tained approximately normal coloration before death. This factor (WuIT- 
ING 1921b) proved to be linked with orange (19.5 percent crossovers). 


Sooty, S1x (mesosternum) 


Variation in general body pigmentation is controlled largely by tempera- 
ture but the influence of hereditary factors is also obvious. When reared 
at 30°C the wasps show differences in color of the mesosternum. A major 
factor for sooty, siz, was shown (WHITING 1926a) to be linked with drips, 
but percentage of crossovers is uncertain due to overlaps. Minor factors 
for the same trait, independently segregating, were also found. 
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LEGEND FOR PLATE 1 


Wings of various mutant types. All shown from dorsal side except figure 17 which is viewed 
from costal margin. Magnification 13} X. 


Ficure 1.—Semilong. 

FIGURE 2.—Fused. 

FicurE 3.— Beaded. 

FIGURE 4.—Unexpanded. 

Ficure 5.—Truncate with outline of secondary. 
Ficures 6-11.—Notched, from four individuals. 
FicurE 12.—Long. 

Ficure 13.—Miniature. 

Ficures 14-17.—Wavy. 

Ficures 18-21.—Reduced, from one individual. 
FIGURES 22-23.—Type. 

Ficures 24-25.—Confluent. 

Ficures 26-31.—Narrow, from three individuals. 
Ficures 32-42.—Shot. 








6 P. W. WHITING 


Deficiency (antennae and posterior extremity) 


Failure of normal development of structures at anterior or at posterior 
extremities sometimes occurs. Antennal segments may be irregularly 
fused. External genitalia may be small or lacking. Digestive tract may fail 
to open posteriorly. No definite factors were isolated for these deficiencies 
which were shown to be controlled by heredity and to be highly corre- 
lated with age of mothers (WuITING 1926c). Many of the genes cited in the 
present paper cause greater or less tendency toward antennal deficiency. 


Orange, o (eye), and its four allelomorphs 


A quadruple allelomorphic series of factors affecting eye color was re- 
ported (WHITING and Burton 1926). The normal wild-type, jet black 
eyes and dark brown ocelli, mutated to orange, 0, in which the ocelli have 
but a slight trace of pigment while the eyes are orange varying to pink 
and red. The first appearance of orange (WHITING 1921a) was in a fra- 
ternity of 254 males, a single mutant found March 27, 1920. The mother 
was less than seven days of age at the time the egg was laid. A second 
orange mutant has been recorded (WHITING 1921a, p. 48) as a single male 
in a fraternity of type stock including also 115 type males and 83 type fe- 
males. 

On June 24, 1924, there appeared in a fraternity of orange stock 4 ivory, 
o’, eyed males. Eleven orange males and 22 orange females had been pro- 
duced in vial a. Vial b showed 12 orange males, 9 orange females of which 
6 when tested produced only orange, and the 4 ivory mutants. There were 
therefore produced by the mother at least 29 orange-bearing eggs besides 
the 4 ivory. The mutation probably occurred in ovogenesis previous to 
maturation. Ivory has colorless ocelli and compound eyes of a greenish 
white with oceasionally a trace of pink. A second mutation to ivory is re- 
ported by Epwarp J. WenstRvp. A female from orange stock (number 3) 
crossed with a type male (9B3) produced orange males 34, type females 
113, and 1 orange female. This orange daughter produced 38 orange males 
and 34 ivory (checked by breeding). The mutation therefore took place 
in the sperm, changing the normal allelomorph directly to ivory. 

In January, 1925, there appeared, from a cross of ivory female by type 
male, a single female with light ocelli but with the compound eyes black as 
in type. There were 34 of the expected type female sibs. This mutant 
proved to be a compound for ivory and hence the mutation took place in 
spermatogenesis involving at least one sperm. Light, 0’, has black eyes but 
ocelli are very light in compound with ivory or with orange. In pure light 
stock the ocelli may be characterized as light brown, somewhat darker in 
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the males. If males are reared at low temperature it is often difficult to dis- 
tinguish them from type. Light has been discarded. 

A fifth allelomorph in the orange locus appeared December 1, 1929 
(132.75 MMT). MAGNnuILpD M. Torvik found from a cross of an ivory fe- 
male by a type male a single female with light ocelli and eyes very dark 
reddish brown. There were 11 type sisters and 7 ivory brothers in the same 
vial. There were 35 type sisters, one type brother (biparental) and 39 ivory 
brothers in the total fraternity. This mutant, called dahlia, 0*, proved 
compound for ivory indicating that the mutation had occurred in sperma- 
togenesis changing the normal allelomorph. Dahlia-ivory or dahlia-orange 
compound females are lighter in color than pure dahlia males or females. 

The locus orange appears to be especially unstable but there is certainly 
no striking increase of mutability correlated with X-ray treatment. As has 
been previously reported (WHITING 1928) there is a very high correlation 
between mosaicism and apparent mutation for this locus. New data on 
mutation and mosaicism will be reported elsewhere. 


Cantaloup, c (eyes) 


A female from orange stock was treated March, 1928 (filter, } mm alu- 
minum; peak voltage, 45 K. V.; milliamperes, 8; distance, 15 cm; dura- 
tion, 15 minutes; dosage, about 1100 R), by P. W. WuitiNnc and produced 
(vial a) 5 orange males and 1 male with eyes resembling ivory. Crosses 
with ivory females resulted in 328 ivory males, 10 orange males (biparen- 
tal), and 193 orange females. By subsequent tests with type it was shown 
that the mutant was a double recessive, orange cantaloup. Cantaloup 
varies considerably, ranging from creamy white at eclosion through pale 
pink and light orange and finally deep red. In mixed culture it may be con- 
fused with ivory or with orange. 


Maroon, m, (eyes) 


In January, 1931, L. H. BENKERT found a male with light ocelli and ma- 
roon eyes (199.18 LHB). There were but two other males in the fraternity, 
both type, so that the time of occurrence of mutation cannot be deter- 
mined. Maroon is deep reddish brown, somewhat resembling dahlia. 


Minnesota yellow, M, (base of antennae) 


Stock sent by Royvat N. CHapMAN from Minneapolis, August, 1929, in- 
cluded wasps with basal three or four segments of antennae decidedly 
yellow when reared at 30°C. The difference evidently depends upon one 
gene with various modifiers, determining the extent of the trait which may 
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LEGEND FOR PLATE 2 


Antennae of various mutant types. Antennae of males are shown as originating at left, of fe- 
males at right. Magnification 33} X except 63, 64, and 65 which are 80X. 

Ficures 43-44.—Type. 

Ficures 45-46.—Semilong. 

Ficures 47-48.—Long. 

Ficures 49-51.—Confluent. 

Ficures 52-55.—Fused. 

Ficures 56-65.—Tapering. 

FicureEs 66-71.—Beaded. 

Ficures 72-73.—Miniature. 
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LEGEND FOR PLATE 3 


Legs of various mutant types. Magnification 333 X. 

Ficures 75-77.—Prothoracic, mesothoracic, and metathoracic legs of type. 
Ficures 78-80.—Long. 

Ficures 81-83, 84-85, 86-87.—Female heterozygous for stumpy. 

Ficures 88-91, 92-95, 96-99.—Stumpy male. 

Ficures 100—102.—Fused. 

Ficures 103-105.—Beaded. 

Ficures 106-108.—Miniature. 
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be increased by selection. Minnesota yellow is of normal viability and may 
be regarded as dominant since heterozygous females show the trait under 
standard conditions. 

Yellow, Y (base of antennae) 

On February 17, 1929, ANNA R. Wuitinc found two mutant males, one 
in vial b and one in vial c of a fraternity (10.6 ARW) containing 82 normal 
brothers. The mother had been treated (filter, 1 mm aluminum; peak volt- 
age, 50 K. V.; milliamperes, 8; distance, 15 cm; duration, 20 minutes; dos- 
age, about 1460 R) as a four day old larva. The mutants had the basal 
three segments of the antennae strikingly yellow. It is possible that sibs 
bearing the gene may have been present, but this is very unlikely as the 
culture was reared under standard conditions and all individuals were 
carefully examined. The yellow color is more definitely confined to the 
three basal segments in this type than is the case in Minnesota yellow, but 
lowering of temperature during development induces melanogenesis in 
both cases. Since heterozygous females show the trait, it may be called 
dominant. Yellow is fertile in both sexes but of less viability than type. 
Distal segments of antennae often appear pale and if temperature is but 
slightly increased over standard, yellow wasps become deformed and often 
die in cocoons. This is not the case with Minnesota yellow in which via- 
bility is normal. The linkage relations of the two types of yellow are also 
different. 


Beaded, b (legs) 

In August, 1929, ANNA R. Wuitnc found a fraternity of males contain- 
ing a number of mutants with beaded legs (plate 3, figures 103-105). The 
mother was among a miscellaneous lot of larvae treated July 31 (filter, 1 
mm aluminum; peak voltage, 50 K. V.; milliamperes, 8; distance, 15 cm; 
duration, 35 minutes; dosage, uncertain). Since she was set August 8, she 
had probably been in the embryo or young larval condition at time of 
treatment. In vial a there was found but 1 wasp, beaded, and in vial b, 18 
beaded to 8 normal sibs. The excess of mutants over equality expected 
if the entire gonad were heterozygous is not significant. The proportions 
of the various parts of the wing of beaded are very aberrant (plate 1, figure 
3) and wings often fail to expand. Antennae are very likely to show fusion 
of segments and often more or less distal deficiency (plate 2, figures 66-71). 
A large and variable percentage of beaded fail to eclose. Males of beaded are 
fertile but viable females have not been found. 


Stumpy, s, (legs) 
On September 3, 1930, ANNA R. WuitiNc found a single male with 








MUTANTS IN HABROBRACON 13 


stumpy legs (223.1 g ARW) among 36 normal male sibs in vial g. There were 
186 normal male sibs in the entire fraternity. The mother had been rayed 
as a one or two day old larva (filter, } mm aluminum; peak voltage, 60 K. 
V.; milliamperes, 5; distance, 15 cm; duration, 40 minutes; dosage 3250 R 
units). The most striking characteristic of stumpy is extreme reduction of 
tarsal segments (plate 3, figures 88-99). Appendages appear otherwise nor- 
mal. Stumpy may be called a recessive but a large proportion of heterozy- 
gous females bear a spur at the tip of their prothoracic metatarsi (plate 3, 
figures 81-83). More or less irregularity obtains in tarsal segments of all 
legs (plate 3, figures 84-87) so that heterozygotes are not as sure footed as 
pure type. No metatarsal spur has ever been found on middle or hind legs 
of heterozygotes nor has a prothoracic metatarsal spur ever been found in 
type females. This spur closely resembles the spur normally occurring at 
the end of the prothoracic tibia. It may be present on either or both front 
legs, but many heterozygotes fail to show it. Even in its absence it is 
usually possible to identify heterozygotes by tarsal irregularity. Stumpy 
is of normal viability and fertility except that females have difficulty in 
feeding from caterpillars and consequently may die without producing 
eggs. Apparently they cannot brace themselves well enough to insert their 
sting for puncturing in order to feed. 


Miniature, m, (body) 


A male of type stock (number 11) was treated in March 1928 (filter, 4 
mm aluminum; peak voltage, 45 K. V.; milliamperes, 8; distance, 15 cm; 
duration, 40 minutes; dosage about 2950R), by P. W. Wuitinc and 
mated on the same day and on five succeeding days. One of the daughters 
from the last mating produced 9 type males, 6 miniature males, and 44 
type females. Miniature is in general smaller than type. The primary wing 
(plate 1, figure 13) is less rounded on the costal margin. The antennae are 
shortened, both by shortening of the segments and by reduction of their 
number (plate 2, figures 72 and 73). There is also more irregularity in the 
way the segments are set together. No marked disproportion appears in 
the reduction of the size of the legs (plate 3, figures 106-108). Miniature 
is a semi-lethal. Many die as pupae. Adult males are of good fertility but 
adult females are almost sterile. 


Short, s, (wings) 


Cultures derived from some of the sibs of the miniature mutants con- 
tained wasps with very short wings. It is uncertain whether short occurred 
as a mutation at approximately the time of the mutation to miniature or 
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LEGEND FOR PLATE 4 


Ficures 109-120.—Magnification 334 X ; 121-131, 133 X. 

Ficures 109-110, 111-112, 113-116.—Prothoracic, mesothoracic, and metathoracic legs of 
twisted. Figures 115-116 are from one individual. 

FicureEs 117, 118, 119-120.—Same of constricted. 

FicurE 121.—Dorsal view, thorax of type. 

FicureE 122.—Dorsal view, thorax of broad. 

Figure 123.—Dorsal view, thorax and wing bases of broad showing reduplication of right 
secondary. 

Ficure 124.—Primary of a variant of broad showing tendency toward reduplication. 

FicurE 125.—Dorsal view, thorax of vestigial. 

Ficure 126.—Wing of vestigial unusually well developed for this type. 

FicurE 127.—Left view, mesopleuron of type. 

FicurE 128-131.—Left views, mesopleura of spread. 


sere ares « 
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whether it had been carried in the stock. Short is very susceptible to tem- 
perature, overlapping with normal to a considerable extent. It is impossible 
to distinguish a culture of short from type when reared at room tempera- 
ture. Under standard conditions, 30°C, wings of short average much 
smaller, but even in this case there is more or less overlapping. No corre- 
lated differences have been found. 


Twisted, t» (legs) 

A male of type stock (number 11) was treated January 11, 1930 (filter, 
+ mm aluminum; peak voltage, 45 K. V.; milliamperes, 8; distance, 15 cm; 
duration, 40 minutes; dosage, 3560 R units) by R. ELIZABETH CHALMERS 
and mated to four females (number 11) (January 11, 12, 13, and 17). One 
of the daughters from the last mating produced 35 type males and 14 males 
with twisted legs. Legs of twisted show much malformation and irregular 
bending (plate 4, figures 109-116). Many individuals fail to eclose, proba- 
bly on account of mechanical difficulties. Males are of normal fertility. Fe- 
males are very weak. 

Constricted, C, (femora) 

In August, 1930, L. H. BENKERT found a single female with constricted 
femora (192.18b). There were 8 sisters in vial a, 9 in b including the mu- 
tant, 10 in c and 9 in d. Constricted is a dominant and apparently lethal 
in the male. It is very difficult to obtain offspring from constricted females 
and fraternities are small. The difficulty is probably mechanical and con- 
cerned with feeding from the caterpillars. The trait appears in all three 
pairs of legs (plate 4, figures 117-120) but is most obvious in the meta- 
thoracic. 

Narrow, n (wings) 

A male of type stock (number 11) was treated April 25, 1930 (filter, 3 
mm aluminum; peak voltage, 45 K. V.; milliamperes, 8; distance, 15 cm; 
duration, 25 minutes; dosage, 2100 R units) by R. EL1IzABETH CHALMERS 
and mated to three females (number 11) (April 25, 28, 31). One of the 
daughters from the last mating produced 32 type males and 14 males with 
narrow wings. Narrow (plate 1, figures 26-31) is soniewhat variable but 
does not overlap with type. It is of good viability and fertility in the male. 
Females are apparently sterile. 


Wavy, wa (wings) 
A male of type stock (number 11) was treated June 30, 1930 (filter, } mm 
aluminum; peak voltage, 45 K. V.; milliamperes, 8; distance, 15 cm; dura- 
tion, 25 minutes; dosage, 2740 R units) by R. EL1zABETH CHALMERS and 
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mated to four females (number 11) (July 7, 10, 17, 24). Four daughters 
among 11 tested from this last mating produced type males and males 
with wavy wings as follows: type 6, wavy 7; type 14, wavy 11; type 7, 
wavy 6; type 8, wavy 5. The other seven daughters produced only type. 
Wings of wavy (plate 1, figures 14-17) are shortened, showing transverse 
waves which are especially noticeable near the distal part of the costal 
margin. Antennae are usually normal but in many cases one or both be- 
come markedly depigmented distally, the segments tending to drop off. 
Fertility and viability of males are good, but females are somewhat weak. 


Fused, f (antennae and tarsi) 


A single male was found by C. H. BostIAn in February, 1929, with an- 
tennal segments fused together and tarsal segments lacking (plate 2, fig- 
ures 52-55 and plate 3, figures 100-102). Fhe wing of fused has a very 
characteristic and constant indentation at the apex (plate 1, figure 2). 
Fused appears to be of good viability and fertility in the male. The female 
cannot reproduce on account of inability to feed from caterpillars. On 
February 8, 1931, there was found by P. W. WHITING a second fused mu- 
tant occurring in a fraternity (2004.5d) segregating males as follows: type 
18, semilong 7, cantaloup 15, semilong cantaloup 23, semilong cantaloup 
fused 1. The mother was from cantaloup female by semilong male. 
Daughters of this mutant crossed with males of fused stock produced fused 
daughters as well as fused sons, showing that the mutated locus was iden- 
tical with that of the previous mutation. In February, 1931, there was also 
found by L. H. BENKERT a third fused mutation. An orange reduced fe- 
male crossed with a spread male produced daughters which were isolated 
for linkage tests. One of these segregated males (A20.05 LHB) as follows: 
type 4, orange 7, reduced 3, orange reduced 2, fused 4, orange fused 5, 
orange reduced fused 4. These two recurrences of fused in the same month 
are noteworthy. No fused was being bred at the time except for some stock 
that was otherwise type. The two recurrences were moreover entirely in- 
dependent. 


Long, | (antennae and wings) 


In June, 1929, there were found by P. W. WuITING a number of males 
with antennal segments elongated and distal portion of wings shortened 
and curved ventrally (plate 1, figure 12, plate 2, figures 47-48). Segments 
of the legs are somewhat longer and thinner (plate 3, figures 78-80) than 
in type (figures 75-77). A female from ivory defective stock (number 17) 
had been crossed with an orange miniature male. An orange daughter pro- 
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duced 50 of the mutants to 46 non-long. Long males from vial a were 
crossed back to the heterozygous virgin mother and thus long females were 
obtained, 10 long to 3 non-long. Long had evidently been running in stock 
(number 17) as two or three long males were found dead early in the year 
in this stock. By lucky chance a female heterozygous for the mutant factor 
had been selected for the mating above mentioned, and a heterozygous 
daughter produced the 50 mutants. Males of long are of good viability and 
fertility but females are rather weak. 


Semilong, s; (antennae and wings) 


A male of type stock (number 11) was treated June 30, 1930 (filter, } mm 
aluminum; peak voltage, 76K. V.; milliamperes, 8; distance, 15 cm; dura- 
tion, 8 minutes; dosage, 2280 R units) by R. EL1zABETH CHALMERS and 
rated to three females (number 11) (July 7, 10, 17). One of the daughters 
from the last mating produced 6 type males and 6 mutant males which 
have been called semilong because of similarity to long. Semilong males are 
of good fertility and viability. Females are also viable and fertile but rather 
weak. Antennal segments (plate 2, figures 45-46) are lengthened but are 
not as attenuated as are those of long (figures 47-48). Leg segments are 
also somewhat lengthened but heavier than corresponding segments of 
long. Distinction of semilong as of long from type is clear in antennae and 
to a great extent in legs, but overlapping between long and semilong ap- 
parently takes place especially in legs. The wing of semilong (plate 1, fig- 
ure 1) is to be compared with that of long (figure 12) on the one hand and 
with that of fused (figure 2) on the other. It is not, as in long, distally 
curved, but is quite flat. Distal shortening, however, takes place as is evi- 
denced by the form of the outer margin and especially by the abbrevia- 
tion of the first radial cell. A slight indentation is present at the apex of 
the wing, not however as pronounced as in fused. It was at first thought 
that semilong might be allelomorphic to long, but this proves not to be 
the case. 

Confluent, cy (wing veins and antennal segments) 

On August 2, 1930, ANNA R. WuitInc found (226.3c) a male with 
shortened wings showing fusion between first and third branches of radius 
at tip (plate 1, figure 25). The mother was a control in an experiment with 
X-rays. There were 52 male sibs plus the mutant in vial c and 195 male 
sibs in the entire fraternity. Figure 24 (plate 1) represents an approxima- 
tion to type in form of wing. There is more or less fusion and deficiency of 
segments distally in the antennae (plate 2, figures 49-50). Degree of ab- 
normality in wings is correlated with that of antennae. At slightly in- 
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creased temperature many confluent die in cocoons and at lower tempera- 
ture confluent overlaps with type. 


Truncate, t, (wing veins and antennal segments) 


On August 7, 1930, C. H. Bostr1an found (260.4b ARW) a male with 
primary wings much shortened distally (plate 1, figure 5). The mother had 
been rayed (filter, } mm aluminum; peak voltage, 60 K. V.; milliamperes, 
5; distance, 15 cm; duration, 32 minutes; dosage, 2600 R units) as a three 
or four day larva on July 15. There were 71 male sibs. Truncate is very ir- 
regular in appearance apparently having a considerable overlap into type. 
Terminal antennal segments are very likely to be more or less fused and 
wings are often but slightly affected. The variation suggests confluent in 
certain respects. In combination with reduced it is more easily recognized. 


Unexpanded wings 


In August, 1930, Nerta C. BostIAn found in vial b from a type stock 
female (number 1), 12 type males and three with unexpanded wings 
(plate 1, figure 4). About 15 brothers were in vial a, all normal. Wasps 
with this mutant trait were bred for several generations, but were highly 
inviable, the majority dying in cocoons. Females were obtained but were 
inviable and the stock was discarded. 

Vestigial, v (wings) 

On August 4, 1930, Nerta C. Bostran found (72.2d NCB) a culture 
vial containing wasps with vestigial wings (plate 4, figures 125-126). The 
mother was virgin producing males segregating other traits in a test for 
linkage. In vials a, b, and c there were found 50 non-vestigial. In vial d 
there occurred 12 vestigial and 12 non-vestigial. The seven wasps in vial e 
were non-vestigial. Vestigial is semi-lethal, many wasps dying before 
eclosion. Six of the mutants were dug out of cocoons. No other dead 
occurred except those in vial d. Hence the mutants were all produced 
when the mother was approximately 14-17 days old. Part, only, of the 
ovary was involved. Vestigial is of good fertility in the males that eclose, 
and many of them live a normal length of time. 


Tapering, t, (antennae) 


On May 2, 1930, LyspetH H. BENKERT found, in pedigree culture 
(A97.4 LHB) from wild stock (Minnesota), 9 males with tapering anten- 
nae. There were 5 normal male sibs and 14 sisters. The mother was, there- 
fore, probably heterozygous. Tapering has good viability and fertility in 
both sexes. Antennae are very deficient with much fusion and irregularity 
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of segments distally (plate 2, figures 56-65). Tapering does not overlap 
with type but reverse mutations have occurred (see Discussion). 
Spread, s, (wings) 

On May 18, 1930, Macnuitp M. Torvik found (134.1 MMT) from a 
male fraternity of orange stock (number 3), eight males with wings spread 
out to the sides. Further examination showed that these males had light 
areas on the mesopleura in the position of insertion of the directive wing 
muscles (plate 4, figures 128-131). Eight brothers occurred in the same 
fraternity. The mother, isolated from stock, was evidently heterozygous 
for the factor. Thus far it has been impossible to obtain offspring from fe- 
male spread. Males are of normal fertility. The wings are themselves nor- 
mal and the defect is probably muscular. The trait grades into type. 

Broad, b, (thorax) 

In August, 1930, L. H. BENKERT found a number of males with thorax 
abnormally broadened (plate 4, figures 122-124). There is more or less 
tendency toward reduplication in the wings as illustrated in the figures. 
The mutant type was first noticed in about 50 percent of the sons of two 
different sisters. The character is somewhat irregular and it cannot be 
stated with certainty that this represents the first appearance of the muta- 
tion. Broad may be called an irregular recessive but about 50 percent of the 
heterozygous females show the trait to a slight extent. Broad has good fer- 
tility and viability. 

Notch, No (wings) 

A female with notched wings was found by L. H. BENKERT, April, 1930, 
from a cross of stock number 3 female by tapering male. There were 16 
type sisters 3 of which produced notch males. Notch does not breed true, 
and it is very likely that there are more factors than one involved. In many 
cases the trait acts like a dominant lethal. There is much irregularity and 
asymmetry in expression (plate 1, figures 6-11). 

Shot, s» (wing veins) 

In August, 1930, L. H. BENKERT found a number of wasps with irregu- 
lar venation. They were the offspring of different parents that had been 
subjected to high temperature accidentally. There is great irregularity in 
expression of the character (plate 1, figures 32-42). Fertility and viability 
are good. 


Kidney, k (eyes) 
On August 18, 1930, ANNA R. WuitTING found (276.6b) a male with com- 
pound eyes lacking with the exception of a very minute one on the right 





' 
a 





4 





MUTANTS IN HABROBRACON 21 


side. Ocelli were of approximately normal size. The mother had been rayed 
(filter, } mm aluminum; peak voltage, 60 K. V.; milliamperes, 5; distance, 
15 cm; duration, 32 minutes; dosage, 2600 R units) as a five day larva on 
July 22. There were 18 male sibs in vial a and 18 in vial b including the mu- 
tant. The mutant was reared under standard condition, 30°C, but the F, 
generation was bred at lower and variable temperatures. Eyes of mutant 
type in F, were elongated dorso-ventrally, some of them kidney shaped. 
Kidney is highly lethal at 30°C, many wasps dying as eyeless pupae. At 
lower temperatures, 25°C, for example, it is of excellent viability and fer- 
tility in both sexes. No lethal pupae were noted among the sibs of the mu- 
tant. It is therefore unlikely that the single mutant had more than one or 
two lethal kidney sibs at most. 


Small head 


A mated female from mixed stock was treated April, 1927 (filter, } mm 
aluminum; peak voltage, 40 K. V.; milliamperes, 25; distance, 15 cm; 
duration, 30 minutes), by P. W. Wuitinc (WuiItTING 1929, p. 273). She 
produced type males 7, type females 3. Her daughters were tested. Two 
produced only type. The third produced type females 28, type males 19, 
and 12 males with very small heads. Test of 11 of the sisters of the mutants 
showed 4 producing only type, 3 giving type and small head males, and 4 
giving type and small head in both sexes, having evidently mated with 
their small head brothers. Small head was much more distinct in the homo- 
zygous females but showed considerable overlapping in the males. It was 
of good fertility and viability but was lost on account of interruption by 
other work. 


DISCUSSION 
Lethals 


As is now well known from the extensive work on Drosophila, mutation 
rate can best be measured by the occurrence of lethals whose frequency is 
many times that of visibles. No other form has yet been sufficiently ex- 
ploited genetically to make a study of rate of lethal production practicable. 
Habrobracon thus far is no exception to this rule. Sex ratio furnishing an 
excellent index of lethals in Drosophila is subject in Habrobracon to so 
many diverse influences (temperature, quantity of sperm available, genet- 
ic stock of male and of female and particular combination involved) that 
only in extreme cases can it be utilized as evidence of lethals. Balanced 
lethals or several independently segregating lethals might be expected to 
so reduce number of males as to be detected, but, on account of the hap- 
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loid nature of the males, either of these conditions would be rapidly elim- 
inated. A lethal may likewise be detected by linkage with a visible. Abun- 
dant evidence of lethals exists in Habrobracon, but for the most part these 
have not been analyzed genetically. 

After certain preliminary tests it has been decided that, for the present 
at least, it is much better economy to confine attention to the “best” visible 
mutant types and to seek to determine by means of these what may be 
regarded as “normal” genetic relationships. Visibles, when obtained, are 
therefore bred to type stock and no attempt is made to study irregularities 
that may be due to raying. A genetic map must first be made. 

Elimination of lethals must be very rapid in Hymenoptera and in other 
forms with haploid males. This does not of course presuppose that the 
germ-plasm of these types is any more stable, any less mutable. The more 
rapidly genetic degeneration is brought to the surface the more rapidly is 
it eliminated. 

Mutation rate in pure and mixed stock and in X-rayed material 

Mutation in the locus orange associated with heterozygous parentage 
will be deferred for consideration under Recurrences and Reversions, treated 
below. 

Considering first the untreated material we find 6 mutations in the un- 
mixed Lancaster material, descended from a female taken in Lancaster, 
Pennsylvania, 1919. Of these mutations, 2 are to orange, 1 to light ocelli, 
1 to lethal pupae, 1 to spread, and 1 to unexpanded. Possibly 300,000 
wasps of this material have been passed under observation, most of them 
males. One mutation, tapering, was found in pure Minnesota stock, besides 
shot which occurred after peculiar conditions of high temperature. The 
amount of pure Minnesota material examined up to the present time is 
small relative to the Lancaster, but, on account of the type of work being 
done with it, it has been very carefully studied. 

By far the great majority of mutants have been found in material of 
mixed origin, from recent crosses of different lines. These mutations are: 
2 to ivory, 3 to fused, and 1 to each of the following: dahlia, wrinkled, re- 
duced, long, confluent, vestigial, broad, notch, constricted, maroon. It is 
impossible to say how many wasps have been observed from mixed ma- 
terial but the number is many times that of Lancaster and Minnesota 
combined. To the list of pure stocks should be added a relatively small 
group of inbred material from Iowa City (number 11), about 20,000 of 
which have been studied, most of them very carefully, but no mutations 
occurred among these. The facts indicate that no marked difference exists 
in mutation rate between pure bred and mixed material. 
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X-ray mutations may be classified as follows according to the type of 
material treated: from Lancaster material, cantaloup; from Iowa City 
stock (number 11), beaded, twisted, narrow, wavy, semilong; from mixed 
material, small head, miniature, yellow, kidney, stumpy, truncate. 

These mutations, like those from untreated material, are roughly dis- 
tributed in relative frequency according to the stocks used in the experi- 
ments. 

Increase in mutation rate by X-ray treatment is obviously very great 
as the following considerations indicate. 

1. The X-ray experiments involve small numbers relative to the numbers 
which have been and are being observed in the extensive genetic tests on 
linkage, male biparentalism, mosaicism, etc. 

2. Only certain counts in the X-ray experiments are such as can be ex- 
pected to disclose mutations arising at time of raying. Other counts ac- 
tually serve as controls and since a special point has been made of this 
fact, these “controls” have been as closely studied as the “experimental.” 
The “controls” in the experiments are, moreover, more numerous than 
the “experimental.” 

3. Six of the X-ray mutant types above mentioned, namely, small head, 
twisted, beaded, semilong, wavy, narrow, and miniature, occurred in such 
numbers (50 percent of the males in a fraternity) that they would have 
attracted attention in any count in the regular genetic work. This means 
that every fraternity of wasps counted serves as an additional control to 
these experiments. Among many thousands of fraternities of untreated ma- 
terial only ten mutations have been found with several mutants appearing 
in the fraternity. Among about 800 fraternities from treated parents there 
occurred the six mutants. 

4. Four X-ray mutants, cantaloup, kidney, stumpy, and truncate, oc- 
curring as single individuals, are so striking that they would not have been 
missed had they occurred among the hundreds of thousands of individuals 
in non-rayed material. Only 9 mutations (reduced, 2 orange, ivory, light, 
dahlia, 2 fused, confluent) have been picked up as single individuals in 
non-rayed material, 2 of these (light and dahlia) being less conspicuous 
than the 4 X-ray types mentioned. 


Stage at which mutation occurs 


Mutants appearing as single males are: orange (2 occurrences in type 
stock besides those complicated by parental heterozygosis considered be- 
low), reduced, fused (2 occurrences, the second in a fraternity of 64), con- 
fluent (in fraternity of 196; since confluent overlaps with normal there may 
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have been confluent sibs unnoticed), cantaloup (in fraternity of 6, the 
mother X-rayed as adult), kidney (in fraternity of 36, the mother X-rayed 
as five day larva), truncate (in fraternity of 72, the mother X-rayed as 
three or four day larva; since truncate overlaps with normal there may 
have been truncate sibs unnoticed), stumpy (in fraternity of 187, the mother 
X-rayed as one or two day larva). In these 10 cases it is possible that 
the mutation occurred in but 1 ovocyte. If the mutation occurred at time 
of raying we would expect, in the case of cantaloup, but one well developed 
egg to be involved. Ovogonial stages would be involved in the cases of 
truncate and stumpy and even of kidney, but it is altogether possible that 
only one ovum might be descended from the mutant cell, as the sister 
cells might form adjoining follicular and nurse tissue. 

Cases in which more than one mutant male appeared will now be re- 
viewed. The first appearance of ivory showed 4 mutants in a fraternity in- 
cluding 29 individuals from orange bearing eggs. Distribution of sibs, more- 
over, gave evidence that the mother was not heterozygous but that the 
mutation involved only part of her ovary. In the case of unexpanded, data 
are not complete, but the occurrence of 3 mutants to 8 normal sibs in vial 
b and the fact that about 15 brothers were observed in vial a, all normal, 
indicate a situation comparable with that of ivory. The culture was not 
continued to vial c. 

With reference to vestigial, conditions indicate that mutation took place 
before separation of the Anlagen of the two ovaries, but, nevertheless, after 
several ovogonial divisions. In other words the mutation involved a 
cross section of both ovaries or all four ovarioles. The 50 type of vials a, 
b, and c indicate that the ventral region was not involved. The 12 type to 
12 vestigial of vial d indicate that the tissue functioning for 4 or 5 days was 
heterozygous. Each ovary in Habrobracon is made up of two elongate 
ovarioles. If tissue in only one ovariole were involved we would expect a 
ratio of 7 type to 1 mutant, while if tissue in both ovarioles of 1 ovary 
were involved we would expect 3 type to 1 mutant. Failure of mutants to 
appear among the 7 type of vial e indicates that non-mutant tissue oc- 
curred in dorsal end of ovary. Numbers are unfortunately small but the 
above suggested hypothesis is apparently the most plausible. 

Only 2 X-rayed females gave rise to more than 1 mutant male. One of 
these, a larva treated when 4 days old, developed into an adult producing 
2 yellow (base of antennae) males in a fraternity of 84. One of these oc- 
curred in vial b and 1 in vial c, so that about 10 days may have elapsed be- 
tween raying and laying of mutant eggs. The other treated female was 
among a lot of eggs and larvae of miscellaneous ages. She produced 8 type 
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males and 19 beaded. The numbers, showing a non-significant departure 
in favor of mutants from the 1 to 1 expected from a heterozygote (lethal 
beaded pupae were counted), indicate that the whole functioning ovary 
consisted of mutated tissue. If mutation occurred at time of raying, the 
mother must have been in the early embryonic stage or else part of the 
ovarian tissue was non-functional. If the mutation was not caused by ray- 
ing the gene may have been received from a parent, in which case the 
mother of the beaded mutants would be completely heterozygous. 

In untreated material mutant males produced by mothers presumably 
heterozygous are wrinkled, lethal naked pupae, tapering, spread, broad, 
fused (LHB), and long. In the case of the first three named, evidence in- 
dicates that mutation occurred not earlier than gametogenesis of one of 
the maternal grandparents of the mutants. Spread, broad, and fused 
(LHB) may have been carried for some generations in the stock and pre- 
vious finding of dead males of long proves this point for that mutation. 

Two dominant mutations, constricted and notch, appearing first in fe- 
males, probably occurred in gametogenesis of one of their parents. 

Of mutations occurring in spermatogenesis 3 were first evidenced in 
single daughters. Light, dahlia, and ivory (EJW) of the orange locus each 
involved a mutation from the type allelomorph. Light with 34 type sisters 
and dahlia with 36 appeared each as a single compound with ivory. Ivory 
was recessive in the orange-ivory compound “mutant” female with 113 ex- 
pected type sisters. 

Five mutations appearing from heterozygous mothers may be assumed 
to have occurred in spermatogenesis at time of X-ray treatment. Minia- 
ture, twisted, and narrow were each from a single mother, whose father 
had been rayed 6 days previous, in each case, to the mating which pro- 
duced those mothers. Semilong was likewise from a single heterozygous 
mother whose father had been rayed 17 days previous to the mating pro- 
ducing her. Wavy appeared from 4 different females among 11 tested 
daughters of a single female which had been mated to a male treated 24 
days previously. No other mutants were produced by daughters from his 
previous matings so that only a small part of testis material was affected. 
Each of these 5 treated males had been mated a few times previous to the 
mating resulting in the mothers of the mutants. Hence the treatment may 
be assumed to have affected spermatogonial tissue. 

One mutation, small head, appeared among the offspring of 1 of 3 
tested daughters of a treated mated female. The mother of these mutants 
was evidently heterozygous. If the mutation took place at time of raying 
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it may have occurred either in the egg or in the sperm within the treated 
female. 


Recurrences and reversions 


With but two exceptions, both to fused, all recurrences have been in the 
locus for orange. One of these was from type to orange. Type has mutated 
once directly to ivory, while the original ivory mutation was from orange. 
Hundreds of thousands of wasps have been bred and recorded whose mothers 
were homozygous type, orange, or ivory, but no further recurrences have 
been reported. 

The situation is very different when type and ivory stock are mixed. In 
this case mutations or apparent mutations to orange are relatively fre- 
quent. Black-eyed females heterozygous for ivory occasionally produce, in 
addition to the expected black and ivory sons, an orange-eyed mutant 
male. Breeding tests show these to be identical with orange, o. It is not 
known whether the ivory gene or its allelomorph has mutated in this case. 
Somewhat more frequently males appear with eyes mosaic for black and 
orange (WHITING 1928). Tests of these show that they breed as parental 
type would lead one to expect, namely, black or ivory, or mosaic black and 
ivory. They are apparent mosaic mutants but have never bred as orange. 
Their mosaicism is explained by egg binuclearity. Their mutation, real or 
apparent, is not explained, nor is that of the orange mutants from hetero- 
zygous, Oo‘, mothers. 

With the exception of these apparent reversions from ivory to orange in 
the mosaic males and the possible reversions in the orange mutant sons 
of heterozygous, Oo‘, mothers, the only reversions thus far reported are in 
tapering. Tapering is clearly distinct from type, showing no overlaps. Five 
or six instances of type wasps appearing in tapering stock which had been 
carefully isolated (NCB, KAG, LHB) were at first attributed to contam- 
ination or to a mistake. Further work with pure stock gave an unques- 
tionable instance of reversion. KATHRYN A. GitMorRE bred from an iso- 
lated virgin female from tapering stock, 34 tapering males and 1 type male. 
This male bred to a tapering female produced type daughters. The rever- 
sion was therefore genetic and occurred in ovogenesis. The evidence in- 
dicates that tapering reverts not infrequently and shows the original muta- 
tion to tapering to be not an irreparable genic “loss.” 


Contrasted effects of different genes in corresponding structures 


Let us now review the effects of the different mutant genes on the wings 
(see figure 1 and plate 1). Notch exerts its effect on the margin of either 





f 
; 








MUTANTS IN HABROBRACON 27 


primary or secondary; the notches may be terminal or lateral. Truncate 
and confluent affect the margin distally, tending to cause coalescence of 
R, and R; distally. Narrow cuts off irregular slices of both wings on costal 
and inner margins. Miniature and beaded reduce the size, straighten the 
costal margin and elongate the tip of the primary (showing in form of the 
first radial cell). Secondary is also somewhat shortened. Beaded, moreover, 
enlarges fourth radial cell. Long and semilong shorten the wing distally 
(showing in form of first radial cell) and long causes a distal ventral curva- 
ture while semilong causes a very characteristic but slight indentation at 
the apex. In fused this indentation is much more pronounced. Wavy pro- 
duces transverse waves especially in region of first radial cell affecting veins 
R, and R; and general wing surface in adjoining region. A host of genes of 
greater or less potency cause breaks or disappearance of vein Ry. The most 
effective of these that has been isolated we have called dirss. Instability of 
this particular vein may be regarded as a “natural” phenomenon while 
other venation differences here noted are “artificial” being unable to sur- 
vive in nature. Shot causes irregular scattering of veins, especially in the 
region of the fourth radial cell. Reduced causes vein R, to be missing in the 
majority of specimens but its particular incidence is in the region of vein 
m-cu where there is an irregular scattering of veins with m-cu usually, 
though not always, lacking; there is considerable shortening of wings prob- 
ably due to this extreme reduction of veins. Broad tends toward redupli- 
cation in wings or parts of wings. Short reduces size without affecting pro- 
portions. In certain types like broad and beaded the membranes of the 
wings may occasionally remain separate giving the wing an inflated ap- 
pearance. 

As regards antennae, long lengthens and attenuates segments without 
increasing number, while semilong has a somewhat similar effect but with- 
out such great attenuation. Miniature both shortens segments and reduces 
their number. Extreme reduction and fusion is to be noted in fused. Ter- 
minal deficiency frequently occurs in truncate and confluent and is ex- 
treme in tapering. In beaded and some of the other mutants more or less 
antennal deficiency is often noted, and in wavy there is frequently distal 
depigmentation and fragmentation. 

The legs of the mutants show a great variety of modifications. In long 
there is a noticeable lengthening and attenuation frequently accompanied 
by bending in the weaker parts of the segments (this bending is not 
shown in the specimen drawn). Semilong has the legs more substantial but 
on the whole resembling long more than type. The small legs of miniature 
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are reduced proportionally or at least there is no marked disproportion in 
the parts. The marked enlargement in diameter of the femora and distal 
part of the tibiae of beaded is very striking. In fused the legs are approxi- 
mately normal to tip of metatarsi to which the claws are apparently at- 
tached, the four tarsal segments being omitted. In stumpy there appear 
an extreme shortening and irregular crowding of tarsal segments, including 
the metatarsal. Claws are thus brought very close to the tips of the tibiae. 
Heterozygous females show a slight tendency in this direction, the tarsal 
segments being somewhat shortened and often irregularly set together. 
The prothoracic metatarsal spur, present in a large percentage, is a strik- 
ing and unexpected phenomenon. Irregular bending and malformation of 
the legs as in twisted is to some extent also present in constricted but in the 
latter there is to be observed a constriction in the femora, especially notice- 
able in the metathoracic legs. 
SUMMARY 

1. Discovery and brief description of 36 mutant types in Habrobracon 
are given, 24 being reported for the first time. Three were taken wild while 
33 occurred in stock. Twenty-seven are classed as recessives, 5 irregular 
or intermediate, 3 partially dominant and 1 dominant. 

2. Color, size, and form of many parts of the body are affected and 
several of the mutant genes have multiple effects. 

3. Three new mutations affecting eye color have occurred in stock. One 
of these, dahlia, is allelomorphic with orange, making quintuple allelo- 
morphs in this series. 

4. As regards orange locus, type (black) has mutated once to light, once 
to dahlia, once to ivory, and twice to orange; orange has mutated once to 
ivory; and orange has appeared several times among sons of type mothers 
heterozygous for ivory. None of these changes have been associated with 
X-ray treatment except for a few of the last named group. 

5. Fused (antennae) has appeared three times by separate mutation. 
Tapering (antennae) has reverted to type a few times. 

6. No striking increase in mutation rate is attributable to mixture of 
stocks. 

7. Twelve mutations were associated with X-ray treatment. Consider- 
ing relative numbers counted, this fact indicates a striking increase due 
to raying. 

8. The allelomorphs to orange, light, and dahlia, and a recurrence to 
ivory were each first detected in a single female carrying a maternally 
derived allelomorph to the mutant gene. This fact and the appearance of 
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5 recessive mutant types among sons of daughters of treated males indi- 
cate that genic change took place in spermatogenesis. One of these re- 
cessives, wavy (wings), appeared among the sons of 4 daughters of a 
treated male indicating mutation in spermatogonium at time of treat- 
ment. 

9. Ten mutations appeared as single males (besides several ivory to 
orange reversions) indicating mutation late in ovogenesis. In the case of 5 
others it is likely that mutation occurred early in the female germ tract. 
At least 14 mutant types appeared as sons of heterozygous mothers. 
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and to LysBETH HAMILTON BENKERT for their tireless work in connection 
with many of the technical details. The drawings have, for the most part, 
been made by KaTtHryN A. GiLmoreE who has been most painstaking and 
conscientious in their execution. Figures 32, 43, 44, 52-65, 67-71 have been 
made by L. H. BENKERT. 
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The conventional technique for measuring the reliability of an observed 
ratio of one type within a population is comparing the ratio with its 
standard error. Each such reliability test, then, involves solving for the 
standard error, c, in the equation 

o=/p(1—p)/N 
where p is the ratio, and N the size of sample from which the ratio was 
obtained. 

Frequent use of ratios, as in genetics and biometry, involves much 
laborious calculation, which may be shortened by the use of PEARSON’s 
(1924) or EmErson’s tables. A graphic device for obtaining o, where not 
too great accuracy is required, would have possibly an advantage over the 
former in carrying further the solution of the above equation, and over the 
latter, of including more values of p and N. 

Such a device is here presented in one form of the nomogram or align- 
ment chart as a suggestion that nomography may prove of some usefulness 
in genetics. The essential feature is the representation on three parallel 
lines of values for three related variables, so that any straight line, cutting 
all three, intersects them at values of the three variables which will satisfy 
the relationship between the variables represented by the nomogram. 

BooruBy and SANDIFORD (1921) have used a group of nomograms for 
shortening greatly the time for obtaining human metabolic rate from 
gasometric data; FELDMAN and UMANSKI (1922) have presented a nomo- 
gram similar to one of the above for expressing the Dubois equation for 
surface area of the human body from its weight and height. L. J. HENDER- 
SON (1928) has devised a more extensive, but similar, graph for represent- 
ing simultaneous conditions of a number of components of human blood. 

In figure 1 are included four independent nomograms for o, each applica- 
ble to a certain range of p values and together extending from 0.5 percent 
to 99.5 percent. In each, the first scale covers a p range, the third, an N 
range; and the second, the corresponding o range: thus scales 1, 11 and 
12; 2,9 and 10; 3, 7 and 8; and 4, 5 and 6 compose the four graphs. 

In general, given a ratio and the size of the sample, these values can be 
located on matched p and N scales. A straight edge between the two 
points intersects the matched o scale at the corresponding ¢ value. 
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Ficure 1.—Four nomograms for obtaining the standard error of a ratio. 
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Thus, with a ratio 26.9 percent determined from 451 individuals, one 
can locate these values on scales 2 and 10, respectively, of figure 1. A 
straight edge between the two points intersects scale 9 at 2.1 percent, the 
standard error of the given ratio with a sample of 451 individuals. 

Careful readings do not differ from calculated values of ¢ by more than 
+1 in the second figure, which falls in either the first or second decimal 
place when og is expressed, as here, in percent. With practice one can make 
the two coincide. 

The three-line nomogram can be used for graphic solution of any equa- 
tion in which the dependent variable, or its logarithm, can be expressed 
as the sum, or difference of some linear functions of the two independent 
variables, or the logarithms of these functions. 

Here the standard error equation has been expressed as 


log =} log p(i—p)—3 log N 


The heights on the p scales are actually proportional to the values of 
3 log p(1—p) for the p values shown, and, on the N scales, to 3 log N for 
the values indicated. Thera scales then represent the difference of the two 
expressions, which is log c. 

The construction of a three-line nomogram is a fairly simple matter 
since, once lengths for any two scales have been decided upon, the length 
of the other, size of units of all three, and distances between scales are 
thereby determined and obtainable from simple relationships given by 
FELDMAN (1923) in a lucid discussion of nomography. 

In table 1 are included the data from which figure 1 was made (on two 
joined sheets of Schleicher and Schuell paper Number 916). Starting 
points of scales are given in terms of distance, in inches, from the left and 
lower borders, respectively; distances from these starting points are ex- 
pressed in inches. The figure can be reduced any number of times, n, by 
dividing all dimensions of table 1 by \/n. 
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Data for construction of nomograms shown in figure 1, on a 22 inchX36 inch sheet. Starting points 
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TABLE 1 


of scales are given as distances, in inches, from left and lower borders, respectively, of sheet. The 
graph may be reduced any number of times, n, by dividing all given dimensions by \/n. 














Pi Pe: Ps Ps 
0 point aT 0,32 1,24 2,19 3,21 
on DISTANCE Pera DISTANCE bie DISTANCE ‘itis DISTANCE 
ABOVE ZERO ABOVE ZERO ABOVE ZERO ABOVE ZERO 
READING mein READING fetes READING varie READING weiagea 
40.0 0.00 25.0 0.00 10.0 0.00 0.5 0.00 
40.5 0.35 25.5 0.64 10.5 0.94 1.0 2.99 
41.0 0.68 26.0 1.26 11.0 1.83 1.5 4.73 
41.5 1.00 26.5 1.86 i 2.67 2.0 5.95 
42.0 1.29 27.0 2.44 12.0 3.47 2.5 6.90 
42.5 1.57 oe 3.00 i 4.23 3.0 7.67 
43.0 1.82 28.0 3.54 13.0 4.96 3.5 8.32 
43.5 2.06 28.5 4.07 13.5 5.66 4.0 8.87 
44.0 2.28 29.0 4.57 14.0 6.32 4.5 9.36 
44.5 2.49 29.5 5.06 14.5 6.95 5.0 9.80 
45.0 2.67 30.0 5.54 15.5 8.15 5.5 10.19 
45.5 2.84 30.5 6.00 16.0 8.71 6.0 10.54 
46.0 2.99 31.0 6.44 16.5 9.25 6.5 10.87 
46.5 3.12 ot.0 6.86 17.0 9.76 7.0 11.17 
47.0 3.23 32.0 7. 7.5 10.26 7.5 11.44 
48.0 3.40 pe 7.67 18.0 10.74 8.0 11.70 
49.0 3.51 33.0 8.06 18.5 11.20 8.5 11.94 
50.0 3.55 33.5 8.42 19.0 11.65 9.0 12.16 
34.0 8.78 19.5 12.08 9.5 12.38 
34.5 9.12 20.0 12,49 10.0 12.57 
35.0 9.45 20.5 12.89 
33.9 9.74 21.0 13.28 
36.0 10.07 21.5 13.65 
36.5 10.36 22.0 14.01 
37.0 10.63 aa.2 14.36 
37.5 10.90 23.0 14.70 
38.0 11.16 23.5 15.02 
38.5 11.40 24.0 15.34 
39.0 11.63 24.5 15.64 
39.5 11.85 25.0 15.94 
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6.5 11.48 10 12 20 3.32 14 19 
DISTANCE DISTANCE DISTANCE DISTANCE 
SCALE ABOVE ZERO SCALE BELOW ZERO SCALS ABOVE ZERO scas BELOW ZERO 
READING PomINT READING POINT READING POINT READING POINT 
0.157 0.00 a5 0.00 0.69 0.00 25 0.00 
0.160 0.18 30 0.79 0.70 0.12 30 0.79 
0.170 0.34 35 1.46 0.80 1.09 35 1.46 
0.180 0.59 40 2.04 0.90 1.92 40 2.04 
0.190 0.83 45 2.59 1.00 2.70 45 2.00 
0.200 1.05 50 3.01 1.10 3.40 50 3.01 
0.220 1.46 55 3.42 1.20 4.02 55 3.42 
0.240 1.84 60 3.80 1.30 4.60 60 3.80 
0.260 2.19 65 4.15 1.40 5.14 65 4.15 
0.280 2.91 70 4.47 1.50 5.64 70 4.47 
0.300 2.81 75 4.77 1.60 6.11 75 4.77 
0.320 3.09 80 5.05 1.70 6.54 80 5.05 
0.340 3.35 85 5.31 1.80 6.96 85 5.31 
0.360 3.60 90 5.56 1.90 1.30 90 5.56 
0.380 3.84 95 5.80 2.00 7.72 95 5.80 
0.400 4.06 100 6.02 2.10 8.07 100 6.02 
0.420 4.27 110 6.43 2.20 8.41 110 6.43 
0.440 4.47 120 6.81 2.30 8.73 120 6.81 
0.460 4.67 130 7.16 2.40 9.04 130 7.16 
0.480 4.85 140 7.48 2.50 9.34 140 7.48 
0.500 5.03 150 7.78 2.60 9.62 150 7.78 
0.550 5.44 160 8.06 2.70 9.90 160 8.06 
0.600 5.82 170 8.32 2.80 10.16 170 8.32 
0.650 6.17 180 8.57 2.90 10.41 180 8.57 
0.700 6.49 190 8.81 3.00 10.66 190 8.81 
0.750 6.79 200 9.03 3.20 11.42 200 9.03 
0.800 7.07 210 9.24 3.40 11.56 210 9.24 
0.850 7.33 220 9.44 3.60 11.97 220 9.44 
0.900 7.58 230 9.64 3.80 12.37 230 9.64 
0.950 7.82 240 9.82 4.00 12.74 240 9.82 
1.000 8.04 250 10.00 4.20 13.09 250 10.00 
1.100 8.45 260 10.17 4.40 13.43 260 10.17 
1.200 8.83 270 10.33 4.60 13.76 270 10.33 
1.300 9.18 280 10.49 4.80 14.06 280 10.49 
1.400 9.50 290 10.64 5.00 14.35 290 10.64 
1.500 9.80 300 10.79 5.20 14.64 300 10.79 
1.600 10.08 320 11.07 5.40 14.91 320 11.07 
1.700 10.34 340 11.33 5.60 15.17 340 11.33 
1.800 10.59 360 11.58 5.80 15.43 360 11.58 
1.900 10.83 380 11.82 6.00 15.67 380 11.82 
2.000 11.05 400 12.04 6.20 15.91 400 12.04 
2.100 11.26 420 12.25 6.40 16.14 420 12.25 
2.200 11.46 440 12.45 6.60 16.36 440 12.45 
2.300 11.65 460 12.65 6.80 16.58 460 12.65 
2.400 11.84 480 12.83 7.00 16.79 480 12.83 
2.500 12.02 500 13.01 7.20 16.99 500 13.01 
2.600 12.19 550 13.42 7.40 17.19 550 13.42 
2.700 12.35 600 13.80 7.60 17.38 600 13.80 
2.800 12.51 650 14.14 7.80 17.57 650 14.14 
2.900 12.66 700 14.47 8.00 17:75 700 14.47 
3.000 12.81 750 14.77 8.20 17.93 750 14.77 
3.200 13.09 800 15.05 8.40 18.11 800 15.05 
3.400 13.35 850 15.31 8.60 18.28 850 15.31 
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TABLE 1 (continued) 















































vw Nu cs N; 
6.5 11.48 10 21 12 3.32 14 19 
DISTANCE DISTANCE DISTANCE DISTANCE 
SCALE ABOVE ZERO SCALE BELOW ZERO SCALE ABOVE ZERO SCALE BELOW ZERO 
READING POINT READING POINT READING POINT READING POINT 
3.600 13.60 900 15.56 900 15.56 
3.800 13.84 950 15.80 950 15.80 
4.000 14.06 1000 16.02 1000 16.02 
4.200 14.27 1100 16.43 1100 16.43 
4.400 14.47 1200 16.81 1200 16.81 
4.600 14.67 1300 17.16 1300 17.16 
4.800 14.85 1400 17.48 1400 17.48 
5.000 15.03 1500 17.78 1500 17.78 
5.200 15.20 1600 18.06 1600 18.06 
5.400 15.36 1700 18.32 1700 18.32 
5.600 13.00 1800 18.57 1800 18.57 
5.800 15.67 1900 18.81 1900 18.81 
6.000 15.82 2000 19.03 
Cc: N: v1 Ni 
16 3.09 18 24 20 3.07 22 32 
SCALE DISTANCE SCALE DISTANCE SCALE DISTANCE SCALE DISTANCE 
READING ABOVE ZERO READING BELOW ZERO READING ABOVE ZERO READING BELOW ZERO 
POINT POINT POINT POINT 

1.4 0.00 25 0.00 1.58 0.00 25 0.00 
| 0.78 30 1.19 1.6 0.38 30 1.56 
1.6 1.52 35 2.19 1.7 1.34 35 2.92 
a 2.22 40 3.06 1.8 2.24 40 4.08 
1.8 2.87 45 3.83 1.9 3.09 45 5.10 
1.9 3.49 50 4.52 2.0 3.90 50 6.02 
2.0 4.08 55 5.14 2.1 4.67 55 6.85 
2.1 4.64 60 5.70 » Fe 5.41 60 7.60 
2.2 be 65 6.22 2.3 6.11 65 8.30 
2.3 5.68 70 6.70 2.4 6.78 70 8.94 
2.4 6.16 75 7.16 a5 7.43 75 9.54 
2.5 6.63 80 7.57 2.6 8.05 80 10.01 
2.6 7.08 85 7.97 2.7 8.64 85 10.63 
af 7.51 90 8.34 2.8 9.22 90 11.13 
2.8 7.93 95 8.70 2.9 9.47 95 11.59 
2.9 8.33 100 9.03 3.0 10.31 100 12.04 
3.0 8.72 105 9.35 3.1 10.82 105 12.46 
3.1 9.09 110 9.65 3.2 11.32 110 12.87 
3.2 9.46 115 9.94 3.3 11.81 115 13.25 
3.3 9.81 120 10.22 3.4 12.28 120 13.62 
3.4 10.15 125 10.48 3.5 12.74 125 13.98 
3.5 10.48 130 10.74 3.6 13.18 130 14.32 
3.6 10.80 135 10.98 3.7 13.62 135 14.65 
Ew 11.12 140 11.22 3.8 14.04 140 14.96 
3.8 11.42 145 11.45 3.9 14.45 145 15.27 
3.9 11.72 150 11.67 4.0 14.85 150 15.56 
4.0 12.01 155 11.88 4.1 15.24 155 15.85 
4.1 12.29 160 12.09 4.2 15.62 160 16.12 
4.2 12.57 165 12.29 4.3 15.99 165 16.39 
4.3 12.84 170 12.49 4.4 16.35 170 16.65 
4.4 13.10 175 12.68 4.5 16.71 175 16.90 
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o3 N; “1 Ni 
16 3.09 18 24 20 3.07 22 32 
iin DISTANCE aii DISTANCE wae DISTANCE cine DISTANCE 
reaping | 4BOV® ZERO neapiva | BELOW MBRO] ina ABOVE ZERO | oma BELOW ZERO 
POINT POINT POINT POINT 

4.5 13.36 180 12.86 4.6 17.06 180 17.15 
4.6 13.61 185 13.04 4.7 17.40 185 17.38 
4.7 13.85 190 13.21 4.8 17.73 190 17.62 
4.8 14.10 195 13.38 4.9 18.05 195 17.84 
4.9 14.33 200 13.55 5.0 18.37 200 18.06 
5.0 14.56 210 13.86 $.i 18.69 210 18.49 
5.2 15.01 220 14.17 Ey 18.99 220 18.89 
5.4 15.44 230 14.46 5.3 19.29 230 19.28 
5.6 15.86 240 14.73 5.4 19.59 240 19.64 
5.8 16.26 250 15.00 §.§ 19.88 250 20.00 
6.0 16.65 260 15.26 5.6 20.16 260 20.34 
6.2 17.02 270 15.50 me 20.44 270 20.67 
6.4 17.39 280 15.74 5.8 20.72 280 20.98 
6.6 17.74 290 15.97 5.9 20.99 290 21.29 
6.8 18.08 300 16.18 6.0 21.25 300 21.58 
7.0 18.41 320 16.61 6.2 21.77 310 21.87 
12 18.74 340 17.00 6.4 22.27 320 22.14 
7.4 19.05 360 17.37 6.6 22.76 330 22.41 
7.6 19.35 380 17.73 6.8 23.23 340 22.67 
7.8 19.65 400 18.06 7.0 23.69 350 22.92 
8.0 19.94 420 18.38 ie 24.13 360 23.17 
8.2 20.22 440 18.68 7.4 24.56 370 23.40 
8.4 20.50 460 18.97 7.6 24.98 380 23.64 
8.6 20.77 480 19.25 7.8 25.40 390 23.86 
8.8 21.03 500 19.52 8.0 25.80 400 24.08 
9.0 21.29 550 20.14 8.2 26.18 410 24.30 
$2 21.54 600 20.70 8.4 26.57 420 24.51 
9.4 21.79 650 21.22 8.6 26.94 430 24.71 
9.6 22.03 700 21.71 8.8 27.30 440 24.91 
9.8 22.26 750 22.16 9.0 27.66 450 25.11 
800 22.58 9.2 28.00 460 25.30 

850 22.97 9.4 28.34 470 25.48 

900 23.34 9.6 28.67 480 25.66 

950 23.70 9.8 29.00 490 25.84 

10.0 29.32 500 26.02 

525 26.44 

550 26.85 

575 27.23 

600 27.60 

625 27.96 

650 28.30 

675 28.63 

700 28.94 

725 29.25 

750 29.54 

775 29.83 

800 30.10 

825 30.37 

850 30.63 

875 30.88 

900 31.13 

925 31.36 

950 31.59 

975 31.82 
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INTRODUCTION 

The appearance of mottled-eyed flies in cultures derived from X-rayed 
parents of Drosophila melanogaster is of rather frequent occurrence. Dur- 
ing the past two and a half years the writer has found thirteen mottleds in 
which the locus of white has been involved. Twelve of these were females 
and one was a male. Eight of the females proved to be fertile, and breeding 
tests showed that each behaved as an “eversporting” type. In addition to 
these cases, in which the mosaicism affected the eyes, there was found 
another eversporting type in which the fly, heterozygous for gray and 
yellow, had yellow spots on the body. 

All of the mottleds obtained by the writer were found in F;, cultures of 
which the X-rayed parent (usually the male) had in the X chromosome the 
wild-type allelomorph for white, and the untreated parent (female) carried 
the mutant gene for this color in at least one of the X chromosomes. 


ORIGIN OF THE MOTTLED STOCK 


The new mottled herein described was found early in December, 1930, 
in an experiment in which treated Theta males had been X-rayed (3710 
r units) and crossed to untreated females, each with one CIB chromosome 
and a second X chromosome carrying the mutant genes for yellow, white, 
lozenge, and miniature. The Theta X chromosome had yellow and scute 
at the left end, and a duplicated fragment from another X chromosome 
attached to its extreme right or fiber end. This fragment represents a de- 


* Part of the cost of the accompanying illustrations is paid by the GALTON AND MENDEL 
MeEmorIAL Funp. 
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leted X chromosome and carries the wild-type allelomorphs of yellow, 
scute, and broad. There was found in the F; culture a gray notched female, 
in which the right eye was normal red, but the left eye had an area of 
white facets covering the lower fourth of the eye (figure 1). It was at first 
supposed that the fly was a “fractional” that had resulted from a break in 
one of the strands of the two-strand stage of the treated X chromosome. 
Such flies are sometimes found in F, cultures derived from treated X 
sperms. 

In order to test the position and extent of the suspected break, the 
notched female was mated to a X-ple male (s, e. ¢:v g f). The cross yielded 
forty wild-type females, ten gray notched females, one scute notched 
female, six yellow white lozenge miniature males, and five males repre- 
senting crossovers, but no Theta males. All of the notched females had 
eyes with slightly roughened areas that were echinus-like in character. 

For the next generation, the notched females were crossed to various 
types of males, the one showing scute being mated to a yellow white cross- 
veinless miniature male. The progeny of this scute female showed that a 
crossover had taken place between the loci of lozenge and miniature, so 
that the right half of the broken X chromosome contained miniature, and 
the Theta fragment was no longer present. This explains why this female 
differed from her other notched sisters, for the elimination of the Theta 
fragment by the crossover allowed scute to show. 

The progeny of the scute notched female was as follows: eleven wild- 
type females, four yellow females, eleven yellow miniature females, four 
X-ple males, one scute echinus male, and two scute, echinus, cut, vermilion 
males (the last three are crossovers). The variable mosaic condition of the 
eyes and wings of the yellow and yellow miniature females showed that 
the case represented a new mottled. 


EXPLANATION OF THE MOTTLING 


The yellow flies from this strain have been used for various breeding 
tests, and the results obtained have furnished the basis for a suggested 
explanation of the “eversporting” character of the changes responsible for 
the mosaic condition of the eyes and wings. The facts secured from the 
different breeding tests demonstrate that the mosaicism is due to an un- 
stable translocation. Genetic tests show that the left end of the treated 
X chromosome had been broken off and had become reattached to the 
fourth chromosome. The translocated piece on the fourth has the genes 
for yellow and scute, and the wild-type allelomorphs for prune, white, 
facet and echinus, the break having taken place between the loci of echinus 
and ruby. 
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A female zygote, receiving the broken X and its translocated fragment, 
together with a complete X chromosome with the mutant genes for yellow 
and white, may develop into a fly that appears normal for yellow and red. 
But in case the translocated fragment becomes lost from any cell during 
somatogenesis, the descendants of this cell will produce, in combination 
with cells that are not deficient, somatic tissue that exhibits mosaicism— 
in this case, mottled eyes, or notched wings, or both, depending upon 
whether the descendant cells happen to enter the embryonic rudiments 
of these structures. A male zygote receiving the broken X chromosome and 
the translocated fragment will develop into a yellow scute male. Such 
males are not very viable and are entirely sterile. They never have mottled 
eyes because (apparently) the loss of the fragment during development 
results in the death of the individual. 

Hyperploid males and females are also produced. The hyperploid female 
has two complete X chromosomes and the translocated fragment, and she 
may have mottled eyes (in case the fragment is lost) but never shows 
notched wings. The hyperploid male has one complete X chromosome and 
the fragment. Such males are never notched, but may have mottled eyes; 
in fact, they constitute the only class of males that have mottled eyes. 

This, in brief, is the explanation that we would offer to account for the 
eversporting character of the mottling and notching found in this strain of 
flies. 

THE BREEDING TESTS 
General account 


The mottled notched stock has been maintained by crossing, in each 
generation, mottled notched females to yellow white singed males. There 
is a twofold purpose in carrying the stock by this method; the use of the 
mutant white brings out the mottling, and the presence of singed facili- 
tates the detection of hyperploid flies. 

The diagram given in text figure 1 shows how the non-crossover classes 
are produced in each generation. The diagram gives the distribution, in 
maturation and fertilization, of the sex chromosomes and the fourth 
chromosomes only, for we are not concerned with the behavior of the other 
two pairs of chromosomes (II and III). The composition of a yellow 
mottled notched female is indicated at the top of the diagram. She has 
the broken X chromosome, a yellow white singed X, one normal fourth, 
and a fourth with the attached translocated fragment. The missing piece 
at the left end of the broken chromosome is represented in white outline, 
while the corresponding piece linked to the fourth is shown in solid color. 
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The fragment has the mutant genes for yellow and scute; otherwise it con- 
tains wild-type genes throughout the remainder of its length. 

The yellow mottled notched female will produce four kinds of gametes, 
and if these are fertilized by yellow white singed X-bearing sperms, four 
classes of females may be expected (1-4 of diagram). The first class is the 
yellow mottled notched females which are like their mother. The char- 
acters of this class of females are very variable, for their expression will de- 
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pend on whether or not the translocated fragment becomes lost from the 
fourth during the course of development. If the fragment is not eliminated, 
the resulting female will appear as a normal yellow red-eyed fly. If the 
fragment happens to become lost during somatogenesis, the resulting female 
will show mottling, or notching, or both. The phenotypic expression of 
these two characteristics will therefore depend upon whether the deficient 
cells enter into their embryonic rudiments. One finds among this class of 


Genetics 17: Ja 1932 








42 J. T. PATTERSON 


LEGEND FOR PLATE 1 


All of the drawings were made from the living flies by Miss Saran L. Brooks. 

Ficure 1.—Fly 231b. The original F, female from which the mottled notched strain was de- 
rived. The artist has represented the head as turned to the right, in order to reveal the single white 
area at the lower margin of the left eye. 

FicurE 2.—A female showing a smal] white area at the top of the right eye, and a slight notch 
in the left wing. 

Ficure 3.—Hyperploid mottled female. Note the abnormal posterior crossveins. 

Ficure 4.—Hyperploid mottled singed female. 
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LEGEND FOR PLATE 2 


Ficure 5.—Non-hyperploid female, with mottled eyes and notched wings. 
FicureE 6.—A yellow singed hyperploid male, with abnormal wing veins and very rough eyes. 


Ficure 7.—A yellow singed hyperploid male, with mottled eyes. 
Ficure 8.—A yellow scute male. This male has the broken X chromosome and the translo- 


cated fragment on the fourth, which did not become eliminated during development. 
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LEGEND FOR PLATE 3 


Ficures 9-12.—Four wings showing various degrees of notching—from yellow notched fe- 
males. 

FIGURE 13.—Wing of a yellow hyperploid female. 

FicurE 14.—Wing of a yellow hyperploid female. 

FicurE 15.—Wing of a yellow singed hyperploid female. 

FicurE 16.—Wing of a yellow singed hyperploid male. 

FicureEs 17-19.—Mottled eyes showing different degrees of mottling—from yellow mottled 
females. 


Ficure 20.—Eye of a yellow mottled notched female. 

FicuRE 21.—Eye of a yellow mottled hyperploid female. 

Ficures 22-23.—Eyes of yellow mottled singed hyperploid females. 
FicurE 24.—Eye of a yellow mottled singed hyperploid male. 
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female individuals that show every degree of the mottled and notched 
conditions. The mottling may consist of a single small white patch on one 
eye (figures 2 and 17) or it may show as a comparatively large white area 
(figure 18), or as a mixture of red and white facets (figures 19 and 21). In 
some flies the eye may be nearly all white, with a few red flecks scattered 
over its surface. The notching is likewise very variable. In some cases there 
may be only a small nick in one wing (figures 2 and 9). Figures 10-12 illus- 
trate wings from three females that show different degrees of notching. 
The mottling and notching are not only extremely variable, but they vary 
independently of each other, for it is not uncommon to find a fly with ex- 
tensively mottled eyes but with non-notched wings, and vice versa. 

The second expected class would be the yellow white notched females, 
but these are non-viable. However, they can be made to live by introducing 
into the genetic combination an X chromosome carrying an attached dupli- 
cated fragment. Thus if a yellow mottled notched female is crossed to a 
gray white Theta male, instead of to a yellow white singed male, gray 
white notched females are found in the next generation. The Theta frag- 
ment compensates for the loss at the left end of the broken X chromosome, 
and hence such zygotes are able to reach full development. 

The yellow singed hyperploid females constitute the third class. As may 
be seen from the diagram, the hyperploid female has two yellow white 
singed X chromosomes, and the fragment attached to the fourth. They, 
too, show various degrees of mottling, due to the elimination of the trans- 
located fragment. Since the hyperploid female has two unbroken X chro- 
mosomes, the elimination of the fragment will not result in producing 
notched wings; for it is well known that the condition of notch is due to a 
“deficiency” at the locus of facet, and consequently the loss of the frag- 
ment will not affect this locus in either of the two unbroken X chromo- 
somes. The non-crossover hyperploid females can be recognized by the 
recessive character singed and frequently by the abnormal condition of 
the veins of the wings. In such females the posterior crossvein is usually 
branched, and in typical cases this vein shows a pointed-like projection 
extending posteriorly (figures 4 and 15). The branching may also involve 
the fifth longitudinal vein (figures 13 and 14). A few cases have been found 
in which the anterior crossvein extends across the sub-marginal cell (figure 
16). The abnormal branching condition of the veins, like the mottling and 
notching in the first class of females, is also variable. It is not uncommon 
to find a female with one wing having normal veins and the other showing 
the typical hyperploid condition. In one culture yielding 84 yellow singed 
hyperploid females, it was found that in 43 cases only one wing had 
branched veins, while in the remainingi41 flies both wings showed this 
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condition. In some hyperploids (crossover classes) the wings may be nor- 
mal. This variation in the expression of hyperploidy in the wing venation 
must be due to the same cause that underlies mottling, namely, to the 
loss of the fragment in the cells that form the embryonic rudiments of the 
wings. 

The fourth or final class of females is represented by the yellow white 
singed females, which need no further comment. 

If these same gametes are fertilized by Y-bearing sperms, four classes 
of males are possible (classes 5-8, bottom of diagram). The first possible 
class would be notched males, but since they must carry a deficient X 
chromosome, they would not be viable. 

The yellow scute males constitute the second class (6). This type of 
male is not very viable, and, as numerous tests have shown, he is entirely 
sterile. The yellow scute male never has mottled eyes, because the loss of 
the fragment at any time would cause the death of the cell, and presumably 
of the zygote. 

The regular yellow white singed males form the third class (7). 

The fourth and final type of male expected is the yellow singed hyper- 
ploid male (8). This type of male is easily recognized, not only by the 
singed bristles, but also by his extremely rough eyes and highly abnormal 
wing veins. The veins are often swollen and branched. A typical case is 
seen in figure 6. Sometimes these males have mottled eyes (figure 7). The 
hyperploid males are not especially viable, but are more so than the yellow 
scute males. They are extremely infertile. About sixty of them have been 
tested for fertility and in only one culture did any larvae appear. None of 
these develop into an adult fly. They must occasionally be fertile, for 
PAINTER found division figures in the ovaries of a mottled-eyed female 
that showed the cells were homozygous for the translocated fragment, 
indicating that this female arose from an egg that had been fertilized by 
an X-bearing sperm having the attached fragment on its fourth chromo- 
some. Hyperploid males can be produced that are not only quite viable, 
but are also distinctly fertile. This can be done by substituting the normal 
X chromosome for the yellow white singed X. In one experiment out of 
196 males from one culture, 58 were wild-type hyperploids, that is, each 
had a wild-type X and the translocated fragment. A few of these males 
were mated to yellow females with attached X chromosomes, and the 
culture gave 27 yellow females, 24 yellow hyperploid females, 20 wild-type 
males, and 10 wild-type hyperploids. Evidently, the presence of the three 
mutant genes, yellow, white and singed, together with the fragment, 
tends to produce non-viability and sterility in the hyperploid male. 
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The elimination of the fragment from the cells of the hyperploid male 
has the same effect as in the hyperploid female, namely, it results in the 
formation of mottled eyes, and in the loss of the hyperploid type of wing 
venation. One very striking illustration of these effects was found in a 
hyperploid male in which the eyes were mottled. Each eye was white, 
with the exception of an area of about twenty-five red facets. It was 
noticed that each of these red patches had the characteristically roughened 
condition of the hyperploid eye, while over the white parts of the eyes the 
ommatidia were smooth and normally arranged. Furthermore, one wing 
of this male-had normal veins, while the other wing showed the extreme 
plexus character of the typical hyperploid. The conditions found in this 
fly are exactly what one would expect to find when the extra fragment, 
that obviously causes the abnormal wings and eyes, has been eliminated 
from the cells of these structures. They should and do show normal con- 
ditions. 

So far we have considered the non-crossover classes of flies only. Breed- 
ing tests show that while the amount of crossing over between the broken 
X chromosome and its yellow white singed partner is considerably reduced, 
yet it takes place with a frequency sufficient to produce several classes of 
crossovers. A single or double crossover between these two chromosomes 
will produce one X chromosome with the mutant genes for yellow and 
white, and another X chromosome (the broken element) with the mutant 
gene for singed. If the female gametes with these X chromosomes are fer- 
tilized, the following crossover classes will be produced: (1) yellow white 
females, (2) yellow white males, (3) yellow hyperploid females (sometimes 
mottled), which can usually be recognized by the abnormal wing venation 
(figure 3) and by breeding tests, (4) yellow hyperploid males, (5) yellow 
singed females, which may have mottled eyes and notched wings (figure 
5), and (6) yellow scute singed males. 


Tests with different types of females 

Breeding tests have been carried out on five different types of females, 
namely, yellow, yellow mottled, yellow notched, yellow mottled notched, 
and yellow hyperploid females. Many individual matings were made, and 
the combined data are displayed in the accompanying table (table 1). 
In all the cases the females were crossed to yellow white singed males. The 
total number of offspring obtained from these tests was 6,416, and, as 
the table shows (first vertical column), these are grouped under twenty- 
one different classes. The classification is based on phenotypic differences. 
The main object of these breeding tests was to find out whether the differ- 
ent types of females would give offspring showing significant differences 
in the percentages of the several classes. 
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TABLE 1 
TYPES OF CROSSES 
YELLOW 
CLASSES OF OFFSPRING YELLOW 9 ated Sassi MOTTLED iczeccded TOTALS 
x MOTTLED 9 | NOTCHED 9 NOTCHED 9 HYPERPLOID 
oe x x 9x 
yw &, oO ywind yuan y weno 

ywsn 2? 9 256 339 281 339 173 1388 
YW IS 259 361 279 315 187 1401 
yw? 11 41 10 48 248 358 
yudo 16 34 10 46 187 293 
y2Q 92 167 177 117 13 566 
yM 929 29 125 49 84 6 293 
yN QQ 50 58 41 41 0 190 
yMNOQ 95 42 67 109 0 313 
y hyperploid 9 9 12 43 19 6 108 188 
y hyperploid M 9 9 9 8 6 22 28 73 
ysn 29 23 56 30 13 14 136 
ysnM OQ 14 52 12 18 1 97 
ysnN QQ 5 6 7 1 0 19 
yin MN 2 Q 9 1 6 12 0 28 
y Sn hyperploid 2 9 92 28 98 66 44 328 
¥ Sn hyperploid M 9 9 114 99 116 152 112 593 
Sedo Ls 16 19 7 0 47 
YSeSn O'S" 0 1 0 2 0 3 
y Sn hyperploid 7 @ 17 40 19 + 9 89 
y Sn hyperploid M i’ 2 5 1 2 0 10 
y hyperploid 7 # 0 2 0 1 0 3 
Totals 1110 1524 1247 1405 1130 6416 























The first four types (columns 2-5) may be considered together and com- 
pared, while the fifth type, the yellow hyperploid females, will be treated 
separately. The percentages of all of the yellow white offspring (lines 1-4) 
for the four types of females are 48.8, 50.8, 46.5, and 53.2, respectively 
(from left to right in the table). For the yellow red-eyed female offspring, 
the percentages run 8.3, 10.9, 14.2, and 8.3 (line 5). The yellow mottled, 
yellow notched, and yellow mottled female offspring gave percentages of 
15.7, 14.8, 12.6, and 16.7 (lines 6-8). The yellow hyperploid classes show 
percentages of 1.9, 3.3, 2.0 and 2.0 (lines 9 and 10). The four classes of 
yellow singed females (lines 11-14) may be considered together, and the 
percentages of these are 4.6, 7.5, 4.4, and 3.1. Finally, the two yellow singed 
hyperploid classes have percentages of 18.5, 8.3, 17.1, and 15.1 (lines 15 
and 16). These figures indicate that the percentages of offspring for any 
class are strikingly similar for each of the four types of mothers that were 
tested. A normal yellow red-eyed mother produces as many mottled and 
notched offspring as are produced, for example, by mottled notched 
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mothers. The slight differences in percentages are obviously due to chance 
variations. 

The progeny of the yellow hyperploid mothers are given in the sixth 
vertical column of the table. The yellow hyperploid female had a yellow 
white singed X chromosome, a yellow white X chromosome (crossover X), 
and the translocated fragment. Such a female can be recognized by the 
hyperploid venation of her wings. All of the yellow white offspring will be 
non-hyperploids, while all of the red and mottled-eyed progeny should be 
hyperploids. It was found that the 795 white eyed offspring were non- 
hyperploids, but 34 of the 335 red and mottled eyed flies had normal wings, 
and it might, therefore, be concluded that they were also non-hyperploids. 
However, as suggested in the previous section, such flies are, in all prob- 
ability, really hyperploids in which the fragment was eliminated from the 
cells forming their wings. From the nature of the chromosomal composition 
of the hyperploid mothers, notched-winged offspring would not be ex- 
pected to appear, and, as an inspection of the table will show, none was 
found. 

It is of interest to compare the number of red-eyed males among the 
offspring with the number of white-eyed males, for this will bring out the 
lack of viability of the former class. The total number of male offspring 
listed in the table is 1846, and of these 1694 were white-eyed, and only 152 
were red or mottled eyed. 


Tests for the length of the translocated fragment 


It is a matter of importance to determine exactly what portion of the 
Theta X chromosome had been broken off and translocated to the fourth 
chromosome. This can be done by making suitable genetic tests. The re- 
sults obtained in the first experiments demonstrated that the locus of 
white (wild-type allelomorph) was included in the translocated fragment. 
Furthermore, the appearance of notched wings indicated that the locus 
for facet was also included in the fragment. Tests have since been made for 
three loci lying to the right of that of white in the genetic map, and for two 
lying to the left of white. 

The three loci lying to the right of white, and for which tests were made, 
were facet, echinus and ruby. It had been observed that a female having 
the broken X chromosome and its fragment, and another X chromosome 
with the mutant gene for facet, frequently had exaggerated (Mour 1923) 
facet-like areas on her eyes. If the locus of facet is in the fragment, and the 
fragment is occasionally eliminated in somatogenesis, we should expect 
to obtain exactly this result. A much more convincing result may be ob- 
tained by the use of hyperploid females. These were produced by first 
crossing a mottled notched female to a facet male, and then backcrossing 
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the F; notched females to facet males. Some of the F; females will be hyper- 
ploids, that is, they will have two facet chromosomes and, in addition, 
the fragment on the fourth chromosome. All such females were found to 
have normal eyes, except two, and these had facet-like areas on their 
eyes, due to the occasional loss of the fragment. These results demonstrate 
that the fragment carries the wild-type gene for facet; for if this were not 
the case, then the hyperploid females, being homozygous for facet, would 
have had facet eyes. 

The second locus tested for was that of echinus. In the first test made, 
the original notched females were mated to X-ple males (s., e., ¢.v gf), and 
it was found that the F; notched females had eyes that were roughened, 
more exactly, had rough areas on their eyes. This result would suggest 
that the normal allelomorph for echinus lay in the fragment, but the evi- 
dence was not considered as conclusive, for the reason that females having 
notched wings often have rough-like eyes. It was therefore decided to make 
the “hyperploid test.” The method followed for producing these was the 
same as the one used for facet. Mottled notched females were first crossed 
to X-ple males, and then the F; notched females were backcrossed to the 
same type of male. Eleven F; hyperploid females were secured, and, with- 
out a single exception, their eyes were non-echinus, thus showing that the 
wild-type gene for echinus was in the fragment. 

In testing for the locus of ruby, the same general procedure was fol- 
lowed. The F; culture yielded eight hyperploid females and two hyper- 
ploid males, and all of these were ruby eyed. Evidently, the locus for ruby 
is not in the fragment, for if it were these hyperploid flies would have had 
red eyes. 

The results obtained in the three tests outlined above showed that the 
break in the original Theta X chromosome (producing the fragment) had 
taken place at some point lying between the loci of echinus and ruby. How- 
ever, there still remained the possibility that a second break had occurred, 
at some point lying to the left of the locus of white. That is to say, the 
fragment was not the product of a single break, but was the result of a 
deletion. The fact that yellow scute males were found in the cultures indi- 
cated that the extreme left end of the treated X chromosome was still 
present in the stock, but their appearance could be explained with equal 
plausibility, either by assuming that the extreme left end had become 
reattached to the remainder of the broken X, or by assuming that it was 
a part of the fragment. To settle this point, it was necessary to test points 
lying to the left of the locus for white. 

The first locus test was that for prune. The hyperploid test was used, 
and the F; cultures gave seventeen females and one male that were hyper- 


Genetics 17: Ja 1932 








54 J. T. PATTERSON 


ploids. All of these flies had red eyes, demonstrating that the wild-type 
gene for prune was in the fragment. 

The locus of scute was the second one lying to the left of white for which 
tests were made. The test for this locus is much more difficult than for any 
of the preceding ones, because of the fact that the Theta X chromosome, 
which was broken by the X-ray treatments, contained the mutant gene 
for scute. However, a satisfactory test can be devised by taking advantage 
of the facts developed by SEREBROVSKY and his associates relative to the 
different allelomorphs of scute. The allelomorph present at the left end of 
the Theta X chromosome is known to be s,!, and a “compound” of this and 
certain of the other allelomorphs of the scute series will give a fly having 
all of the bristles present, that is, phenotypically non-scute. I am indebted 
to Doctor I. J. Aco for suggesting that his stock of s.!° w* would be a 
suitable allelomorph to use for making the test. The test was made by 
mating mottled notched females to s,!°w* males, and then backcrossing the 
F, notched females. The F: flies of interest are the hyperploid females. A 
total of fifty-five such females was obtained, and without a single exception 
they were phenotypically normal or non-scute. Several of these females 
had mottled eyes (red and light apricot). These results demonstrate that 
s.' is located in the translocated fragment, for if this were not so, the hyper- 
ploid females would have revealed s.!°. 

The facts developed from the several tests described in this section make 
it certain that the translocated fragment was produced by a single break, 
at some point lying between the loci for echinus and ruby. It cannot be 
less than 5.5 or greater than 7.5 map units in length (standard 1925). 


Linkage tests for the translocation 


It was suspected that the mottling was in some way due to a rearrange- 
ment of genes. MULLER (1930) has called attention to the fact that each 
case of mottleds so far found involves some type of rearrangement of genes: 
deletion, translocation, or inversion. Linkage tests were therefore carried 
out for each of the three autosomes. In testing for linkage to the second 
chromosome, yellow mottled notched females were mated to curly males. 
In the stock of males used the second chromosome has the dominant gene 
for curly and contains inversions that prevent crossing over. The F; 
notched curly females were then out-crossed to yellow white singed males. 
The F, generation gave eight yellow curly mottled females and seven 
yellow non-curly mottled females. Since both the curly and non-curly fe- 
males show mottling, it is evident that the piece is not linked to the second 
chromosome. 

In the test for linkage to the third chromosome, yellow mottled notched 
females were crossed to star curly translocation Cin x 2 males. In this stock 
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the second and third chromosomes are tied together, and the star curly 
factors serve as markers, while Cr x 2 prevents crossing over. The F; 
notched curly females were out-crossed to yellow white singed males, and 
the F, generation yielded both star curly and non-star, non-curly, and 
mottled eyed females. This result showed that the fragment was not at- 
tached to the third chromosome. 

The test for linkage to the fourth chromosome was made with the use 
of bent stock. The mutant gene for bent lies in the fourth chromosome. 
Yellow mottled notched females were crossed to bent males, and the F, 
notched females were then mated to yellow white bent males. The F, cul- 
tures gave 99 bent non-mottled females, and 110 yellow non-bent mottled- 
eyed females, some of which (54) had notched wings. A few of the F; yel- 
low mottled females were backcrossed to yellow white bent males and the 
F; culture had fifteen yellow mottled females, six yellow mottled notched 
females, twelve yellow white bent females, and seven yellow white bent 
males. These results make it certain that the fragment is linked with the 
small fourth chromosome. 


The cytological tests 

While the linkage tests were in progress, my colleague, Doctor T. S. 
PAINTER, began a cytological study of this stock, and soon discovered in 
oogonial divisions that the fragment was attached to one of the fourth 
chromosomes. We have already made a brief report on our genetic and 
cytological findings (1931). I am grateful to Professor PAINTER for per- 
mission to give here, in advance of his final report, a brief statement of 
the cytology. Very clear figures of dividing oogonia of females heterozygous 
for the translocation show one fourth chromosome to be of normal size 
and the other to be about four times as large. The fragment is therefore 
about three times as large as a normal fourth. In a heterozygous female 
larva metaphase plates were found showing figures similar to those seen 
in oogonial divisions, and near-by other cells show normal fourths. This 
demonstrates that the translocation may become lost during somato- 
genesis. 

DISCUSSION AND SUMMARY 

The genetic and cytological evidence presented in the main body of the 
paper supports the conclusion that eversporting characters of the mottling 
and notching found in this strain of flies are due to an unstable transloca- 
tion. By this is meant that the piece of the X chromosome attached to 
the fourth chromosome is occasionally eliminated during somatogenesis. 
Since the translocated piece contains, among others, the wild-type allelo- 
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morph of white, its elimination from any cells, heterozygous for red and 
white, will result in the production of mosaic tissue in the eye. In the same 
manner, the elimination of the fragment from cells entering the wing rudi- 
ments results in giving rise to notched wings, by virtue of the loss of the 
locus of facet. It is thus established that in this case the cause of notching 
is due to an actual loss of a piece of the chromosome, and not to an in- 
activation of genes, or to a line mutation. 

At this point it might be well to emphasize that mottled and notch in 
the present strain of flies can be segregated into distinct stocks. As a matter 
of fact, the fertile hyperploid flies really constitute a mottled line, from 
which a stock can be established. The gray white notched females, de- 
rived from the cross with Theta white males, may in turn be employed for 
the purpose of establishing a stable notched stock. The writer has ob- 
tained from X-rayed material several cases in which the left end of the 
X chromosome has been broken off, thus producing notched females. By 
crossing such females to fertile hyperploid males from the present strain, 
it will be possible to produce a new mottled notched stock. These stocks 
are now being developed. 

When and how is this translocated piece eliminated? To judge by the 
variation in size of the mottled and notched areas, as seen in different flies, 
the loss may take place during any cleavage or larval stage. In some flies 
the eyes may be nearly all white, and both wings may be notched, thus 
indicating that the elimination must have taken place at a very early 
cleavage stage. The other extreme is seen in flies having a white area com- 
posed of a single facet, or at most of a very few facets, and with wings en- 
tirely unaffected. The loss of the fragment in such cases must have oc- 
curred at a very late larval stage, for it has been found that the elimination 
of the locus of white through a breakage caused by X-rays produces white 
areas of this small size only when the treatment is given during late larval 
stages (PATTERSON 1929). It is not entirely safe, however, to conclude 
that, because the area is small, the elimination necessarily took place late 
in somatogenesis, for it is possible that the descendants of a cell, which 
lost the fragment early, have been distributed to many different body tis- 
sues where the detection of the elimination would not be possible. Never- 
theless, in general a large deficient area would indicate an early elimina- 
tion, and a small area a late loss. 

Three possible methods of elimination may be mentioned and dis- 
cussed; the first of these is by somatic non-disjunction. CLAUSEN (1930) 
has recently described a carmine-coral variegation in tobacco that he states 
is due to the occasional loss of an independent chromosomal fragment. He 
suggests that the loss may be due to somatic non-disjunction. In this 
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mottled-eyed fly no evidence supporting the theory of somatic non- 
disjunction has been found. If non-disjunction is the method of elimina- 
tion, then it should be possible to demonstrate the fact by cytological 
studies, for, in that event, division figures showing a single fourth chromo- 
some in the cell should be observed. Professor PAINTER’s observations 
have failed to reveal any such figures in the material. 

It is possible to test the non-disjunction hypothesis by genetic methods. 
Iam indebted to Doctor H. J. MULLER for suggesting the following experi- 
ment. The problem is to determine whether the fourth chromosome, to 
which the fragment is attached, is eliminated along with the piece. This can 
be done by using white eyeless males. White in the X chromosome is used 
to bring out the mottling, and the mutant gene for eyeless is in the fourth 
chromosome. Since the factor for eyeless greatly reduces the number of 
ommatidia, the relative size of white areas appearing in heterozygous fe- 
males will show whether the fourth chromosome is lost at the same time 
elimination of the fragment occurs. If the fourth is not eliminated, then 
the white area would have the normal number of ommatidia; but if the 
fourth is also eliminated, then the white area should be reduced in size, 
for the recessive factor for eyeless in the other fourth chromosome would 
be able to express itself. The test was made by crossing mottled notched 
females to yellow white eyeless males. All of the white areas found on the 
eyes of the F, females were found to be of normal size, showing that the 
fourth chromosome, with the wild-type gene for eyeless, had not been 
eliminated. The results obtained from this test support the cytological 
evidence to the effect that non-disjunction is not the method of elimina- 
tion. 

A second possible method of elimination is one suggested and discussed 
by Mutter (1930). Concerning this method, he makes the following 
statement (MULLER 1930, pp. 327-328): “If, for example, it be postulated 
that the point of breakage and reattachment is a “weak spot,’ where the 
chromosome is liable to break again, with the resultant loss from some 
descendant cells of the section distal (with reference to the spindle-fibre 
attachment point) to the breakage, there arises the objection that the light 
or white areas in mottled males are nevertheless viable, although both 
theory and empirical findings point to the death of cells lacking such a 
portion of their only X chromosome.” This criticism is clearly valid for 
mottled-eyed non-hyperploid males, but does not apply to mottled males 
that are hyperploids. The only type of mottled males found in our case is 
hyperploids, and consequently this second suggested method may ac- 
count for the mottled females and males. 
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A third possible method of elimination is one suggested by the writer 
some time ago to account for the occasional loss of an attached fragment 
in another stock. It is, in brief, this, that when a somatic division takes 
place it is possible for the chromosome with the attached fragment to 
split in such a manner that one cell will receive a daughter chromosome 
bearing the undivided fragment, while the sister cell will receive the other 
daughter chromosome without the fragment. At the present time there is 
no way of determining which of these two possibilities, if either, is correct. 

It would be of interest to determine whether any of the other mottleds 
that have been found can be explained on the basis of unstable transloca- 
tions. Several such cases are now being investigated in our laboratories, 
but the work has not progressed sufficiently to enable us to give a definite 
answer. It would not be surprising to find that mottleds may be produced 
in various ways. In 1929 the writer found a mottled fly in which the 
mosaicism affected the body color only. The original female appeared in 
the F, culture in an experiment in which yellow white females had been 
crossed to X-rayed eosin singed males. The fly had yellow spots scattered 
over the body. Unfortunately, the stock was lost during the hot summer. 
In the meantime, breeding tests demonstrated that the yellow spotting, 
in flies heterozygous for gray and yellow, behaved as an eversporting type. 
Linkage tests showed that the extreme left end (with the wild-type allelo- 
morph for yellow) had been broken off of the X chromosome and had be- 
come attached to the third chromosome. All of the evidence obtained at the 
time the stock was in hand indicated that this case was of the same general 
nature and could be explained in the same way as the present mottled 
case. Two other cases, apparently of the same nature, were found during 
this year. The translocated pieces in these include the loci for notched and 
miniature, respectively. Finally, attention may be called to the possibility 
that some of the numerous reported cases of eversporting variegated 
plants may be caused by unstable translocations. It is possible that the 
cases of endosperm chimeras in maize, recently reported by STADLER 
(1930), may be explained in this way. 


SUMMARY 

1. A new mottled notched stock of Drosophila is described and ana- 
lyzed. The analysis shows that the eversporting character of the changes 
responsible for the mottling and notching is due to an unstable transloca- 
tion. 

2. The stock was developed from X-rayed material. The treated X 
chromosome had the left end broken off, and this fragment was reattached 
to the fourth chromosome, as shown by cytological and genetic evidence. 
The fragment carries the mutant genes for yellow and scute, and the tested 














TRANSLOCATION IN DROSOPHILA 59 


wild-type genes for prune, white, facet and echinus. The break therefore 
occurred between the loci of echinus and ruby, and in length the trans- 
located fragment cannot be less than 5.5, or greater than 7.5 map units 
(standard 1925). Physically, the fragment is about three times the size 
of the small fourth chromosome. 

3. The mottling of the eyes and the notching in the wings are both very 
variable, and vary independently of each other. The evidence shows that 
this is due to the occasional loss of the fragment during somatogenesis. 
Since the fragment has the normal allelomorph of white, its elimination will 
produce white areas (mottling) in a female having the mutant gene for 
white in her unbroken X chromosome. A similar loss will produce notched 
wings, by virtue of the fact that the fragment has the normal allelomorph 
for facet (the same locus as notch). 

4. It is suggested that these changes will result whenever the descendant 
cells, of any cell that has lost the fragment during somatogenesis, happen 
to enter and form a part of the eye or wing. 

5. Hyperploid flies appear in the culture. The hyperploid female has, in 
addition to the fragment on the fourth, two unbroken X chromosomes, 
and if each of these carries the mutant gene for white, she may have 
mottled eyes, but never shows notched wings. The hyperploid male has 
one unbroken X and the translocated piece. If his only X chromosome 
carries white, he too may have mottled eyes. A male that inherits the 
broken X and the fragment is yellow and scute, but he never has mottled 
eyes, because the loss of the fragment kills the cell, and presumably brings 
about the death of the zygote. 

6. It has been possible to segregate the factors for mottling and notch- 
ing into two distinct lines. 

7. It is suggested that other cases involving eversporting mosaics may 
be due to unstable translocations. 
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INTRODUCTION 


The general importance of the genetical work in Drosophila melano- 
gaster has to a considerable extent been due to the fact that it has in this 
material been possible, through detailed experimental analysis of excep- 
tions to normal inheritance, to predict atypical cytological findings, pre- 
dictions which were found to hold true when the cytological examination 
was carried out. 

Since BripcEs (1916) by this combined genetical and cytological 
method delivered the first conclusive proof of the chromosome theory of 
heredity, a number of cases have been described in which irregularities 
in the distribution of whole chromosomes during the maturation of the 
germ cells have led to chromosome aberrations, the nature of which has 
been cleared up by genetical methods and afterwards verified by cytologi- 
cal examination. 

Aberrations from the standard chromosome equipment of the species 
may, however, also arise through irregularities in the chromosome dis- 
tribution in somatic cell divisions, giving rise to different types of somatic 
mosaics. 

For a survey of the various types of mosaics that are explainable as due 
to somatic elimination of one or more chromosomes see a recent paper of 
L. V. MorGan (1929). Here only the following should be stated: 
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By far the most common type of somatic mosaics are the sex mosaics 
(gynandromorphs). As shown by Morcan and Brinces (1919) the large 
majority of these gynandromorphs are due to somatic elimination in one 
of the early cleavage divisions of one member of the X chromosome pair. 
The individual starts as a female, but when one X is eliminated a daughter 
cell with a single X chromosome is formed. All those cells which are de- 
rived from this daughter cell will be X O and male, while the rest of the 
individual will be X X and female. The result is accordingly a gynandro- 
morph consisting of one female and one male part. In most cases these 
gynandromorphs are more or less bilateral, but not infrequently the fe- 
male part is larger than the male region. 

Principally analogous to these sex mosaics are the so-called Diminished 
mosaics in which the body is divided into a normal part and a part showing 
the Dominant character complex Diminished. As shown by BRIDGES 
(1921) the Diminished character is not due to an ordinary gene, but to 
haploidy for the small round, so-called fourth chromosome. The Dimin- 
ished mosaics have correspondingly been interpreted by BRIDGES as 2N 
in the normal and 2N-IV in the Diminished region, due to somatic elimina- 
tion in one of the early cleavage cells of one member of the fourth chromo- 
some pair (MorGAN, BRIDGES, and STURTEVANT 1925). 

In Drosophila melanogaster BRIDGES has encountered about a dozen such 
mosaics, of which the majority were interpreted as IV IV in the normal and 
IV O in the Diminished part. But the possibility could not be excluded that 
some of them at any rate, were in reality due to a somatic mutation to a 
dominant Minute, since the Diminished character complex is strikingly 
like the character changes typical of the large group of dominant Minute 
mutations. 

In his analysis of the claret mutant type of Drosophila simulans, StuR- 
TEVANT (1929) obtained no less than 171 Diminished mosaics of analogous 
type. This extraordinarily high number is due to the very peculiar action 
of the claret gene in homozygous condition. The gene causes irregularities 
in the chromosome distribution, not only during the maturation of the 
germ cells, but also in the early cleavage stages of the next generation, 
resulting in the production of a large number of non-disjunctional excep- 
tions and gynandromorphs as well as of Diminished (haplo-IV) individuals 
(40 percent of all the offspring) and Diminished mosaics (4 percent of the 
total offspring). StuRTEVANT obtained offspring from three Diminished 
mosaics, but these included no Diminished individuals. 

There are also in Drosophila melanogaster a few cases in which particular 
genotypic changes increase the frequency of somatic elimination. Thus, - 
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BripGEs (1925) has described a sex-linked mutant Minute-n which causes 
a high percentage of elimination of the Minute-n X chromosome in so- 
matic cells. And STERN (1927a) found that three different I[1I-chromosome 
Minute mutations caused a high frequency of somatic elimination of par- 
ticular sections of the third chromosome. In these cases the elimination 
occurs not in the cleavage cells but during the later larval developmental 
stages. Only a small part of the individual will accordingly be derived from 
the atypical cell, and the corresponding somatic alteration will be re- 
stricted to a limited region, frequently a mere spot in the surface area of 
the adult fly. 

The genetic analysis of the mosaics resulting from different types of 
somatic elimination rests on the fact that each part of an individual de- 
velops according to its own genetical constitution (MORGAN and BRIDGES 
1919).* Thus recessive genes present in the single X chromosome of a 
gynandromorph manifest themselves somatically in the male part. Hap- 
loidy for the fourth chromosome in one region of an individual produces 
the somatic change Diminished in this region, etc. 

By taking advantage of this fact, and by using (or intentionally intro- 
ducing) “marked” chromosomes containing different mutant genes it has 
been possible to carry out an analysis that is in most cases fully con- 
clusive, in spite of the fact that the analysis primarily rests on the external 
inspection of the mosaic without crucial breeding test and cytological 
control. 

As regards those gynandromorphs which are explained by simple single 
elimination, half of these can also be explained as derived from binucleated 
eggs. But there is here special genetical evidence in favor of the former 
explanation. Thus, gynandromorphs with apparently normal male ab- 
domen are always sterile, like the X O males due to primary non-disjunc- 
tion (MorGAN and BrincEs 1919); the sex-linked bobbed character, which 
is suppressed in ordinary X Y males through the action of the normal 
allelomorph of bobbed present in the Y chromosome, manifests itself in 
the male region of gynandromorphs as it does in non-disjunctional X O 
males of bobbed stock (STERN 1927b); and in a large experiment which was 
planned in such a way that the chances of obtaining flies positively diag- 
nostic for a binuclear origin were increased by the use of marked auto- 
somes, not a single such fly was obtained, although the experiment pro- 
duced 12 gynandromorphs that were explainable by simple elimination 
(L. V. Morcan 1929). 


* For certain exceptions to this rule see a recent paper of DopzHansky (1931). 
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Cytological evidence in favor of the elimination explanation was ob- 
tained by PEARSON (1927) in gynandromorphs of the grasshopper Ambly- 
corypha. The gonads contained both ovarian and testicular tissue, and 
the ovarian cells had two X chromosomes, while the spermatogonies had 
only one X. 

The reasons why it has not, in mosaicism due to somatic elimination, 
been possible to deliver the complete documentation by combined breed- 
ing test and cytological demonstration are different: 

On the one hand there is in Drosophila for technical reasons no chance 
of obtaining cell division figures from both regions of an adult mosaic, and 
mosaics are not detected in the larval or pupal stages; on the other hand 
the elimination of a chromosome only in particular cases leads to fertile 
chromosome combinations; even then the crucial breeding test can, of 
course, only be carried out if the gonads, or part of the gonads, happen 
to be included within the atypical and fertile part. 

The mosaics which might be expected to offer the best chance of secur- 
ing the combined genetical and cytological proof of somatic elimination 
are accordingly those which consist of one 2N and one 2N-1 region, and 
in which the elimination has occurred so early during the cleavage stages 
that part of the germinal tissue is derived from that cell which has lost 
one chromosome by elimination. In this case the atypical part, if fertile, 
will produce germ cells, half of which will be N—1. When these are fertilized 
by (or fertilize) normal N germ cells, the result will be 2N-1 individuals 
whose atypical chromosome equipment may be analyzed by appropriate 
genetical analysis, and of which there will be available a sufficient material 
for cytological examination. 

The commonest type of somatic mosaics, namely, the ordinary gynan- 
dromorphs, do not fulfill the above requirements. In the Drosophila 
gynandromorphs both gonads are in most cases the same, either ovaries or 
testes. If the genital apparatus is female the gynandromorph, if fertile, 
breeds as an ordinary female. If the gonads and external genitalia are 
male, then the gynandromorph is completely sterile. 

As regards those mosaics which might be expected to be produced by 
somatic elimination of the second or third chromosome, no such have ever 
been encountered, nor have haplo-II or haplo-III individuals been re- 
ported from any experiment. Obviously, the lack of one member of the 
second or third chromosome pair causes such gross changes that cells of 
this type are unable to develop. 

There remains, however, one type of somatic mosaics which, under 
favorable conditions, may fulfill the requirements outlined above, namely, 
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the Diminished (haplo-IV) mosaics. If in a Diminished mosaic the elimina- 
tion of one member of the fourth chromosome pair has occurred so early 
during the cleavage stages that part of the gonads are derived from the 
haplo-IV daughter cell, then there is the chance of obtaining offspring 
from this haplo-IV part. There is reason to assume that this part will be 
fertile, since we know from the Diminished individuals that the 2N-IV 
combination is a fertile combination. 

Half of the germ cells from the haplo—IV region of such a mosaic will be 
functioning nullo-IV germ cells, and when these meet normal haploid 
germ cells, the result will be Diminished, haplo—IV individuals in which 
the lack of one member of the fourth chromosome pair may be demon- 
strated by genetical methods and by cytological examination as well. 

It was the latter situation that was realized in the case to be described 
in detail below. 

A preliminary account of this analysis was read before DET NorsKE 
VIDENSKAPSAKADEMI I OsLo (Mour 1930). 


THE OCCURRENCE AND DESCRIPTION OF THE 
“MINUTE” MOSAIC FEMALE 

During the analysis of a new III-chromosome dominant mutant Vein 
(V), heterozygous females which in one member of the third chromosome 
pair carried roughoid (7,, 0.0) and Vein, while the other member was wild- 
type, were mated singly to males homozygous for the following third chro- 
mosome recessives: roughoid, hairy (h, 26.5), thread (¢,, 42.2), scarlet 
(st, 44.0), curled (c,, 50.0), stripe (s,, 62.0), sooty (e*, 70.7), and claret 
(ca, 100.7). One of these cultures (C.4709, March 6, 1930) gave the follow- 
ing offspring: roughoid Vein 62, wild-type 55, roughoid 10 and Vein 7. 

In the wild-type class a single individual was detected (March 12, 1930) 
which was a typical bilateral mosaic, consisting of a normal right half and 
a left half which had distinctly shorter and more slender bristles and hairs, 
typically like those present in the different Minute mutations. The left 
wing was in addition shorter and more bluntly rounded than the normal 
right wing (figure 1). The exceptional individual was in other respects a 
typical female; judging from the slightly swollen abdomen, there was 
reason to believe that she had already been fertilized. 

In the head the border line separating the Minute and the wild-type 
region followed the median line strictly, both on the dorsal and on the 
ventral surface. This could easily be controlled by aid of the head bristles 
and larger hairs which were without exception Minute on the left and wild- 
type on the right side. The eyes were of about equal size, but the left 
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antenna and arista, as well as the left half of the distal surface of the pro- 
boscis, were smaller on the left than on the right side. 

Also on the thorax the border line followed the median line strictly 
both on the dorsal and on the ventral side, all the bristles and larger hairs, 
including the sterno-pleurals, being Minute on the left and wild-type on 








Ficure 1.—Mosaic female. Left half “Minute,” right half wild-type. 


the right side. Of the two somewhat larger hairs situated just anterior to 
the second pair of legs on each side of the median ventral furrow, the left 
was Minute and the right wild-type. The left wing was markedly shorter 
than the right, bluntly rounded and with a shortened inter-crossvein dis- 
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tance. The pair of bristle-like hairs just anterior to the distal costal break 
were Minute on the left and normal-sized on the right wing. 

In the legs there was a slight deviation from the strictly bilateral dis- 
tribution of the two regions in so far as the larger hairs on the ventral sur- 
face of the coxa seemed to be of equal size on both forelegs. From com- 
parison of these hairs in the fixed specimen with the corresponding hairs 
in wild-type and in Diminished individuals (see p. 64) it was concluded 
that these hairs were in the mosaic wild-type on both sides. That the rest 
of the left foreleg was Minute, in contrast to the right foreleg, could be 
ascertained by comparison of the size of the larger hairs on the femur and 
the apical and preapical bristles of the tibia. A corresponding difference 
in size was evident also in the second and third pair of legs and especially 
striking in the apical and preapical bristles on the tibia of the second pair 
of legs where they are largest. 

In the abdomen the border line separating the Minute and the wild- 
type region followed strictly the median line on the dorsal surface of the 
anterior four segments (tergites). This could be ascertained by the differ- 
ence in size of the larger hairs along the posterior margin of each tergite. 
The fifth tergite had, in contrast to the others, wild-type hairs both on the 
left and on the right side. In the remaining part of the abdomen, including 
the surroundings of the genital and anal openings, the hairs were Minute 
on the left and wild-type on the right side of the dorsal surface. 

On the ventral surface of the abdomen it was evident that the border 
line followed the median plane strictly, the hairs on the ventral plates being 
Minute on the left and wild-type on the right side. As regards the anal and 
genital region it was, by the smallness of the hairs, rather difficult to de- 
tect a conclusive difference in size on the ventral side. But after scrutinous 
examination of the fixed specimen and comparison with wild-type and 
Diminished flies there seemed to be little doubt that the division in a left 
Minute and a right wild-type half holds true also for this part of the fly. 

Summing up, we find accordingly that we are dealing with a bilateral 
somatic mosaic in which the division in a left Minute and a right wild- 
type region is remarkably schematical, the only deviations from the strictly 
bilateral symmetry being found in the ventral surface of the anterior coxae 
and in the fifth tergite which are wild-type on both sides. 


GENETICAL ANALYSIS OF THE MOSAIC FEMALE 


Dominance of the mutant change present in the mosaic 


The most plausible explanation of the mosaic female described seemed 
to be that we were dealing with a somatic mutation to a dominant Minute 
which had occurred in one of the earliest (probably the first) cleavage 
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cells, since dominant Minute mutations are of very frequent occurrence 
in Drosophila melanogaster. But another possibility, namely, that the 
Minute region might be haplo-IV due to somatic elimination of one mem- 
ber of the fourth chromosome pair, was also kept in mind. 

Since the mosaic was a normal female with normal external genitalia it 
was hoped that she might prove fertile. And in view of the bilateral dis- 
tribution of the Minute and wild-type parts it seemed not unlikely that 
one ovary, or part of one ovary, might be included within the Minute re- 
gion. In this case the two alternative hypotheses might be put to a test. 

The mosaic was accordingly as a first step backcrossed to ry h th St Cu 
S, €* cg males (C. 4732). By this mating we would not only certify genet- 
ically that the mosaic was derived from C. 4709 and that no contamina- 
tion had occurred, but we would also obtain information as to the possible 
linkage relations of the new mutant to genes distributed over the entire 
third chromosome. 

The mosaic proved fertile, but no Minute flies were obtained during the 
first nine days’ counts. Since, however, delayed emergence is a typical fea- 
ture of the Minute character complex, the counting was continued, and 
on the tenth day 3 typically Minute individuals were found. The counting 
was now continued until all the offspring from C.4732 had hatched. In all 
262 individuals were obtained, 16 of which were Minute. 

Meanwhile the mosaic female had already on the sixth day been trans- 
ferred into a new culture bottle (C.4732 a) with the same males, and in 
this culture the offspring were counted for the ordinary ten days only. The 
mosaic female which was still vigorous was now drawn and afterwards 
fixed in alcohol for later examination. The total output of C.4732a were 
131 individuals, of which 15 were Minute. In both cultures more than two- 
thirds of the Minute flies were males, thus indicating that the Minute fe- 
males had a lower viability than the Minute males in these cultures. 

In the following are given the total output of the two cultures, the num- 
bers from C.4732 being printed in ordinary letters, those from C. 4732a in 
italics. The numbers in parenthesis denote the Minute individuals out of 
the total in the respective class: 

ry hth S¢ Cu Sr €* Ca 21, 19 (2), wild-type 52 (6), 26 (1); ru 17 (2), 7 (1), A 
th St Cu Sp €* Ca 14, 45 74h 5 (1), 8 (2), th Se Cu Sp €* Ca 8, 63 Tu ht th 2, St Cu Sr 
€° Ca 23 Fu he ty Se 2, Cu Sp €* Ca 3; Fu ht ty Sp Cy 6, 5; Sp €* Ca 16 (2), 3 (1); tu hs 
th St Cu Sr 4, 3, €* Ca 2, 1; ru ht ty 51 Cu Sp €° 9, 8, Ca 32 (3), 11 (3); ru Sr e* Ca 4, 
hty St 6u 45 rue? 6a 3,1, hty $¢Cu $1; Pu Cq 10 (1), 9 (4), he th St Cu Sp €* 12, 2; 
ty $425 ult Sp e* Ca 6, ty S¢Cu2;ruhe* cal, thst Cu Sr 2; tu Ca 4, 7, th St Cu Sr 
e°9, 2; ru h ty Sp e* Ca 1, Sp Cu 13 Sp Cu Sp 1 (1); ru ht te Se €8 Ca 1, Cu Sp 1; Pu 
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ba Sao 1, Cu Sp O° 23 Fu BSc Ca Ce 1, Sp 61, 1; he 8, €* Ca Lj Fu Cu Sp O° 1; Fo Se CO 
1 (1); ry e* 15 ty Se Cy Ca 1. 


From this result it is apparent that the supposedly non-virgin mosaic 
female has at any rate not been fertilized by a Vein brother, since none of 
her sons and daughters were Vein. Whether she has been fertilized by a 
wild-type brother is difficult to tell with certainty. The marked numerical 
preponderance of wild-type non-crossovers in C. 4732 as compared with 
the corresponding non-crossover class might seem to point in this direction. 
But an analogous discrepancy is also seen in the two single crossover classes 
resulting from crossing over within the e*-c, region, so it is quite possible 
that the numerical difference is simply due to the markedly lowered via- 
bility in this culture of those flies which are homozygous for roughoid and 
in addition for the largest number of the other third chromosome recessives 
present in the test. 

Another source of error should also be kept in mind, namely, the possi- 
bility of overlapping of generations in C. 4732 where the offspring were 
counted for 19 days. Thus some of the apparent triple crossovers in this 
culture may be due to overlapping. A calculation of the linkage values for 
the different III-chromsome mutant genes involved in the backcross is of 
no particular interest for our present purpose. In spite of the above- 
mentioned sources of error such a calculation based on the total data gives 
values which are in sufficient accordance with the known map distances to 
show that crossing over has been of normal frequency throughout the 
third chromosome in this test. 

The reappearance of Minute flies in Fj, flies which in every respect re- 
sembled the Minute half of the mosaic mother, proved conclusively that 
at any rate part of the gonads have been included within the mutated part 
of the mosaic, and, furthermore, that the genotypical change responsible 
for the Minute character complex here dealt with is inherited as a typical 
Mendelian dominant. 

If, which seems likely, one ovary is included in the mutated region, then 
we would expect one quarter among the offspring of the mosaic to be Mi- 
nute (see p. 67), while here only 31 Minutes were obtained as against 362 
not-Minute individuals. That this deviation from the expectation might 
simply be due to the lowered viability of the Minute phenotype was not 
unlikely since the Minute individuals were examined and found to be small 
and weak looking in comparison with their non-Minute sibs. 


Inheritance as a member of the fourth chromosome linkage group 
From the distribution of the Minute individuals in the different cross- 
over classes in the above test, with preferential occurrence in the most 
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viable classes, it was clear that the new mutant did not belong to the III- 
chromosome linkage group. And by examination of the Minute individu- 
als it was found that they resembled closely the Diminished, haplo-IV 
flies described by BripcEs (1921): They were in comparison with the wild- 
type of a smaller size throughout, had shorter and more slender bristles, 
a paler body color, a darker trident pattern on the thorax, larger eyes, and 
wings which were frequently slightly divergent, blunter and less clear in 
texture. This in combination with the delayed emergence and the lowered 
viability made it at once probable that we were dealing not with an ordi- 
nary dominant Minute mutation but with individuals which had the fourth 
chromosome in haploid condition. 

Minute males from C. 4732 which were heterozygous for the above- 
mentioned III-chromosome recessives had in the meantime been mated to 
a homozygous roughoid female (C. 4772). The result of this mating was 
roughoid 26, wild-type 29, roughoid Minute 9, Minute 13. Since there is 
no crossing over in the males, this result confirmed the above conclusion 
that the Minute mutant did not belong to the third chromosome linkage 
group. And since there were both females and males in the Minute classes 
this test proved simultaneously that the Minute mutant did not belong to 
the first (the sex) chromosome. 

In order to test whether the mutant belonged to the II-chromosome 
group Minute males were also mated to females homozygous for the II- 
chromosome recessives black (b) purple (p,) and curved (c), and F; Min- 
ute males backcrossed to black purple curved females (C.4798-99). The 
result of this male backcross was: b p, c 192, wild-type 232, b p, c Minute 
5, Minute 69. This test proves that Minute does not belong to the second 
chromosome group of linked characters and gives further evidence of the 
heavy mortality of the Minute flies. This lowering of the viability was 
particularly extreme in Minute flies which were at the same time homozy- 
gous for black purple and curved, a combination which in itself reduces the 
viability of the fly somewhat (see on this point p. 68). 

When it had been proved that Minute showed free segregation with 
representatives of the first, second and third chromosome linkage groups, 
it was clear that the dominant character was due to a change in the 
fourth chromosome since there are in Drosophila melanogaster four chromo- 
some pairs only. 

This change might either be a dominant mutant gene or lack of one 
member of the fourth chromosome pair. The latter possibility seemed the 
more probable in view of the phenotypical similarity of the Minute here 
studied with Diminished. Additional evidence in the same direction was 
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also derived from a study of the fertility of the Minute flies. While the 
Minute males as a rule proved to be of fairly good fertility, sterility or 
lowered productivity was a typical feature of the Minute females. Among 
12 preliminary test cultures where one or (in some cases) more Minute 
females were mated to unrelated males only six delivered a limited amount 
of offspring. In larger mass cultures, however, a fair amount of offspring 
from Minute females could generally be obtained. A Minute stock was 
therefore maintained by mating Minute flies in mass cultures. It was, 
however, found advisable to add one or two wild-type sisters in order to 
get the stock started. An analogous lowering of the fertility is typical also 
of the Diminished, haplo-IV females. 


Deficiency for fourth chromosome recessives 


Whether the Minute character change studied was due to a dominant 
fourth chromosome gene or to haploidy for the fourth chromosome could 
easily be tested by mating the Minute flies to flies homozygous for the 
fourth chromosome recessives bent and eyeless, the only representatives 
of the fourth chromosome group of which stocks were at disposal in the 
laboratory. As shown by BripcEs (1917) recessive genes located in the re- 
gion opposite to a deficient chromosome section manifest themselves in 
heterozygous condition in flies carrying the deficiency, since their normal 
allelomorphs are lost or inactivated. If the Minute individuals are defi- 
cient for one member of the fourth chromosome pair, we expect according- 
ly that bent and eyeless will manifest themselves in F,; of Minute X bent 
and Minute X eyeless respectively. 

Females homozygous for black (6, II chromosome) pink (/, III chromo- 
some) and bent (b,, IV chromosome) were in 10 cultures mated to Minute 
males [C. 4808 (29 9), 4831-32, 4843, 4860-66].! The total output of 
these cultures were 901 wild-type individuals while only a single Minute 
male hatched. The latter fly showed the bent character in very extreme 
form; the wings were folded and the tarsi very much shortened and fused 
together so that their hairs formed a thick, dark brush distal to the short- 
ened tibia. 

1 One such mating (C. 4809) gave an entirely unexpected result, namely, wild-type 379 ?, 
80"; bent 149 9, 407%". The bent character of these F; non-Minute bent flies was very well 
pronounced, much more so than is the case in the b p ; stock flies, where the bent character is 
poorly developed. When inbred, these F; }; flies behaved as ordinary homozygous };. If the Minute 
type is haplo-IV, as later proved to be the case, the simplest explanation of the above result is the 
assumption that the P, b p b; female has been triplo-IV (d; 5; b:). When mated to haplo-IV males 
the expectation is then: wild-type triplo-IV (b; b: +), wild-type heterozygous for b; (bs +), homo- 


zygous b, (b; b;) and Minute-bent haplo-IV (b;) individuals in equal numbers. The latter type is 
inviable (see p. 71). Due to extraneous causes the appropriate tests had to be postponed, and in 
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From this result it was clear that the viability of the F,; Minute-bent 
compound was lowered almost to complete lethality, a fact which was also 
apparent from the dead pupae present in these cultures. When dissected 
they were found to contain crippled Minute-bent individuals. By aid of 
the shortened legs with their dark, hairy brush it was also possible to 
recognize the Minute-bent compound flies through the wall of the pupa- 
rium. And from all but two of the above cultures Minute-bent flies that 
were still living, 21 in all, were as a control secured by dissection. 

The analogous matings of eyeless female Minute males (C. 4810-12) 
had a similar result. In all 482 wild-type flies were obtained as against 13 
Minute-eyeless compound individuals (32 9, 10°). Thus, also, here 
the viability of the compound is very markedly lowered. The eyeless char- 
acter in the Minute-eyeless flies that hatched was not conspicuously more 
extreme than in ordinary eyeless stock flies. But in individuals that were 
secured by dissection of Minute-eyeless pupae the eyes seemed on the 
whole to be slightly smaller than in ordinary eyeless, although the differ- 
ence was rather inconspicuous here also. 

In order to compare the character changes in the Minute-eyeless com- 
pound with ordinary eyeless under optimal conditions, Minute-eyeless 
compound males from C.4811 were mated to eyeless females from stock 
(C. 4830, 4870). In one of these cultures where a single eyeless female was 
used 123 eyeless and 6 Minute-eyeless (co) were obtained; in the other 
with three P, eyeless females, the output was 251 eyeless and 27 Minute- 
eyeless (62 9,210’). The eyes were in the Minute-eyeless compound, on 
the whole not conspicuously smaller than in their ordinary eyeless sibs. 
In C.4830, however, some eyeless individuals occurred that had such large 
eyes that they overlapped wild-type so that their homozygous eyeless 
genotype had to be controlled by testing; no such overlapping individuals 
were encountered among the Minute-eyeless flies, a fact which involves 
indirect evidence to the effect that the eyeless character is more pro- 





order to secure a stock for later examination the non-b, flies were searched for individuals which 
showed the (slight) dominant characteristics described by BripGEs as typical of the triplo-IV 
type. It was believed that such were found, and by selection a stock was maintained which con- 
tinued to throw a percentage of flies with slightly shortened and coarser bristles. When one such 
fly (third generation) in a mating to Minute (haplo-IV) gave non-Minute bent in Fj, it was be- 
lieved that the bristle alteration was a reliable somatic indication of the triplo-IV condition. 
However, when the case was taken up later, it turned out that the bristle alteration mentioned 
was due to a second chromosome recessive which overlapped the wild-type, and the opportunity 
to prove the case had accordingly been lost. 

The atypical sex ratio in the above culture was found to be due to two sex-linked lethals for 
which the P; female had been heterozygous, one located in the close neighborhood of vermilion and 
the other about 10 units to the right of forked. 
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nounced in the compound. That the exaggeration of eyeless is not more 
distinct may seem natural when it is remembered that the Minute flies 
have larger eyes than the wild type. The Minute character in other words 
counteracts the tendency to reduction of the size of the eyes. Still, the very 
slight exaggeration of the eyeless character contrasts somewhat with 
other typical cases of exaggeration and may need further investigation 
(see also p. 80). 

The tests presented above proved conclusively that the dominant Mi- 
nute here dealt with was not due to a point mutation, but to a deficiency 
which includes the fourth chromosome loci bent and eyeless. The domi- 
nance (of Minute) and the exaggeration of the included characters (bent 
and eyeless) are general deficiency phenomena typical of section deficiency 
(Mour 1919) and quite similarly of chromosome deficiency (BRIDGES 
1921). 

The above results were in all essential respects parallel to those obtained 
by BrincEs in matings of Diminished (haplo-IV) to bent and eyeless. As 
regards the very marked lowering of the viability of the compounds, by 
BRIDGES considered as another expression of the exaggeration, the follow- 
ing should be added: 

Based on the tests presented above (C.4772, 4798-99, p. 69) the via- 
bility of Minute as compared with the wild type is 31.4 percent (261 wild- 
type and 82 Minute, where equality is expected). In some later special 
matings of wild-type femaleX Minute males (C. 4953-56) the résult was 
wild-type 421, Minute 160 (679 2,930), that is, the viability of Mi- 
nute is here 38 percent. To these data may be added those derived from the 
experiments p. 78 and p. 79, in the majority of which the viability of 
Minute was far bettet (C. 4959, 4975, 4977, 5038, 5051-52). These tests 
comprise 489 wild-type and 353 Minute individuals, where equality is 
expected, corresponding to a viability of 72.2 percent. 

The total data comprise 1171 wild-type as against 595 Minute indi- 
viduals, that is, the average viability of Minute is 50.8 percent, a value 
which is strikingly in accordance with that found by Brincgs for Dimin- 
ished, namely, 53 percent. But it is evident that the viability of Minute 
is exceedingly variable, probably as a consequence of slight differences in 
the culture conditions. In the tests here presented the viability ranges from 
22-24 percent (C. 4959, 4798, p. 78) to cases in which the Minute class 
even outweighs the corresponding wild-type class (C. 5038, 5052; p. 79). 

Based on the data presented above (p. 70) the viability of the Minute- 
bent compound is practically zero as compared with the wild type, while 
that of the Minute-eyeless compound is 2.7 percent. In analogous tests 
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with Diminished (haplo-IV) BripceEs found the corresponding values to 
be 0.5 and 1.3 percent respectively. As compared with homozygous eye- 
less, which by itself has a slightly lowered viability, the viability of the 
Minute-eyeless compound was 8.8 percent (C. 4830, 4870, p. 71). This 
disproportionate lowering of the viability of the compounds is evidence of 
exaggeration of the included characters. 

Finally, the homozygous lethal action of the Minute dealt with was fur- 
ther evidence of deficiency. Not only was it impossible to reduce the num- 
ber of wild-type flies by continuous inbreeding, but all the Minute individ- 
uals used in the numerous crosses proved to be heterozygous only. It was 
accordingly regarded unneccessary to control this point further by special 
tests. 

Strictly speaking the above tests demonstrate that the Minute flies are 
deficient for a section of the fourth chromosome including the loci for bent 
and eyeless. But in view of the striking similarity with Diminished, not 
only in somatic, but also in all genetical and in physiological respects 
(lowered viability, lowered fertility, late emergence, etc.), it was now 
practically certain that we were not dealing with a section deficiency but 
with a chromosome deficiency involving one member of the fourth chro- 
mosome pair. This could easily be controlled by cytological examination 
of cells from the Minute individuals. 


CYTOLOGICAL DEMONSTRATION OF HAPLOIDY FOR THE FOURTH CHROMO- 
SOME IN THE “MINUTE” FLIES DERIVED FROM THE MOSAIC 


Ovaries of Minute females were fixed in strong Flemming’s solution and 
colored with iron-haematoxylin in the ordinary way. A number of satisfac- 
tory oogonial plates were found in eight different Minute females, and all 
had only one small spheric “fourth” chromosome, as had been predicted. 
Representative photographs and drawings of oogonial plates from four 
different females are presented in figure 2 and need no further comment. 
As will be seen, all the other chromosomes are present in duplicate as usu- 
al. The result of the cytological examination proves that our Minute 
mutation is identical with the Diminished, haplo-IV mutant type. 


GENERAL CONSIDERATIONS AND CONCLUSIONS 


The evidence presented above proves conclusively that the left half of 
the original mosaic was haplo-IV. Hence, it has in this case been possible 
to deliver the complete proof that the haplo-IV condition has arisen 
through somatic elimination resulting in mosaicism. Though the earlier 
special genetic evidence of somatic elimination of one member of a chro- 
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mosome pair isin Drosophila fully convincing (see Introduction) the pres- 
ent case fills a gap in so far as it represents the first in which the elimina- 
tion of a chromosome in somatic cells has been proved by complete breeding 
tests and cytological demonstration. Thus, it puts the proof of somatic 
elimination and mosaicism on the same level as those previously delivered 
for chromosome aberrations due to non-disjunction during the maturation 
of the germ cells. As regards some of the earlier mosaics which were in- 
terpreted as Diminished (haplo-IV) the possibility could not be excluded 
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FicurE 2.—Oogonial plate from 2n Drosophila melanogaster female, for comparison. b-h 
oogonial plates from five different Diminished (haplo-IV) females derived from the mosaic. Note: 
One small round fourth chromosome only; b and c photographs, about 2000 X ;* d-h drawings, 
Zeiss Comp. Oc. 12, Obj. 1.5 mm Apochromat N.A. 1.30, drawn at table level by aid of Abbés 
apparatus, Tube length 160 mm; f same as b; g same as c. 

Strong Flemming’s solution; iron-haematoxylin. 


that they were due to somatic mutation to a dominant Minute in one of 
the early cleavage cells. This source of error is here eliminated. 

The bilateral symmetry of the mosaic studied makes it practically cer- 
tain that the elimination of one member of the fourth chromosome pair has 
occurred during the first cleavage division. The slight deviations from the 


? For the preparation represented in figures b and f as well as for the photographs the author 
is indebted to kand. real. T. QUELPRUD. 
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bilateral symmetry (coxa of first leg, fifth tergite) are due to wandering of 
the cleavage cells during the developmental stages prior to the formation 
of the imaginal discs (compare the detailed analysis of the distribution of 
parts in sex mosaics by STURTEVANT 1929). 

The genetical test of the mosaic proves that one ovary (or part of one 
ovary) is derived from one cleavage cell while the rest of the germinal 
tissue is derived from another. Hence the germinal tract in Drosophila can- 
not be derived from one and the same cleavage nucleus. In this respect the 
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FicureE 3.—The result of mating the Diminished mosaic to normal males, if one entire ovary 
is haplo-IV and the other diplo-IV. 


genetical evidence is parallel to that obtained in the analysis of a somatic 
mosaic (MouR 1923) and in accordance with HuETTNERS (1923) cytologi- 
cal findings that more than one cleavage nucleus gives rise to the primor- 
dial germ cells. 

In this connection it is of interest to decide whether one entire ovary or 
only part of an ovary has been included within the haplo-IV part of the 
mosaic. If one entire ovary is included, we expect half of the eggs from this 
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ovary to be nullo-IV and the other half haplo-IV. The other ovary will 
deliver haplo-IV eggs only. 

Hence if both ovaries deliver an equal amount of eggs, we expect, when 
these eggs are fertilized by normal, haploid sperms, to obtain non-Dimin- 
ished and Diminished offspring in a 3:1 ratio (see figure 3). But this ex- 
pectation will only be fulfilled if the viability of Diminished is on a par 
with that of the non-Diminished type. 

In the test of the mosaic we obtained 362 non-Diminished and 31 Di- 
minished flies. One third of the non-Diminished individuals are on the 
above assumption derived from the haplo-IV ovary. This ovary has ac- 
cordingly delivered 121 non-Diminished and 31 Diminished flies. This de- 
viation from the expected 1:1 ratio is readily explained by the markedly 
lowered viability of the Diminished phenotype. Based on the above data 
the viability of Diminished is in this test about 26 percent, a value which 
lies within the limits actually obtained in ordinary out-crosses of Dimin- 
ished (see p. 64). And in the test of the Diminished mosaic the viability 
of the Diminished offspring was still more reduced by the simultaneous 
presence of numerous third-chromosome recessives which are expected to 
reduce the viability more in the Diminished than in the corresponding non- 
Diminished classes. From the numerical data of the case we arrive accord- 
ingly at the conclusion that one entire ovary in the mosaic was haplo-IV 
and the other diplo-IV, a conclusion which falls into line with the bilateral 
distribution of parts in the mosaic female. 

In the test of the mosaic it was a striking fact that Diminished offspring 
did not emerge until the tenth day of counting. This result is exceptional, 
since in ordinary out-crosses of Diminished the first Diminished offspring 
generally appear on the third or fourth day and never so late as was here 
the case. This seems to indicate that the egg development or the egg laying 
is retarded in the Diminished phenotype so that in the mosaic the eggs 
from the normal ovary have been deposited earlier than those from the 
haplo-IV ovary. This in combination with the slow development typical 
of the Diminished zygote would account for the very late emergence of the 
Diminished offspring of the mosaic in the first test culture (C.4732 p. 
67). Special tests in order to compare the time of egg laying in Dimin- 
ished and in non-Diminished flies have not been carried out. 

The fact that the mosaic female in the first culture bottle (C. 4732) 
gave 262 non-Diminished and only 16 Diminished flies, the first of these 
appearing on the tenth day of counting, while in the other culture (C. 
4732a, p. 67) 131 non-Diminished and 15 Diminished flies were obtained, 
the first Diminished individuals here appearing on the fourth day, lends 























SOMATIC ELIMINATION OF CHROMOSOME 77 


support to the above assumption. In this case it would be more correct to 
use the data from the ten days’ counts of C. 4732a only for deductions con- 
cerning the constitution of the ovaries of the mosaic female. 

Of the 131 non-Diminished offspring in C. 4732a one third of the 131 
non-Diminished flies plus 15 Diminished individuals are expected to be 
derived from the haplo-IV ovary. This ratio, 44:15, corresponds to a 
viability of Diminished of 34 percent, a value that is in still better accord- 
ance with the known viability of Diminished in ordinary out-cross tests. 


SUMMARY 


The possibility of delivering the combined genetical and cytological 
proof of somatic elimination of a chromosome as a cause of mosaicism is 
discussed. 

A female mosaic is described. The entire right half plus the ventral sur- 
face of the left first coxa and the left half of the fifth tergite were wild- 
type; the rest of the individual exhibited a typical “Minute” character 
complex. Except for the slight deviations mentioned, the distribution of 
Minute and of wild-type parts was strictly bilateral both on the dorsal and 
on the ventral surface. 

The mosaic was fertile, and the Minute character complex reappeared 
unchanged in a proportion of the F; flies. By appropriate genetical tests it 
was demonstrated that this dominant Minute was not due to an ordinary 
gene but to deficiency for one member of the fourth chromosome pair. 

Cytological examination of ovaries from the Minute females proved that 
their cells contained only one member of the fourth chromosome pair as 
had been predicted. Hence the Minute mutant here dealt with is identical 
with the Diminished (haplo-IV) type. 

The evidence presented proves conclusively that the elimination of the 
fourth chromosome must have occurred in one of the earliest, in all proba- 
bility the first, cleavage divisions of the egg from which the mosaic de- 
veloped. And the case represents the first in which somatic elimination of 
a chromosome (resulting in mosaicism) has been proved by combined genet- 
ical analysis and cytological demonstration. 

Based on the numerical data of the case it is concluded that in the mosaic 
one entire ovary was haplo-IV and the other diplo-IV. Hence the case in- 
volves genetical evidence to the effect that in Drosophila more than one 
cleavage cell goes into the formation of the germ tract. 

Some data on special peculiarities of the black purple curved Dimin- 
ished and the Diminished-eyeless phenotype are presented and discussed 
in the appendix. 
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APPENDIX 
Notes on the black purple curved Diminished and the Di- 
minished-eyeless phenotype 

In the male backcross of Diminished flies heterozygous for the II-chro- 
mosome recessives black purple and curved, there was a very extreme 
lowering of the viability of the b p,c D,, class (C. 4798-99, p. 69), and the 
very few b p, c D,, flies obtained were all males. A certain lowering of the 
viability of the b p, c phenotype in comparison with the wild-type was also 
apparent in these cultures. But this fact seemed not sufficient to account 
for the very disproportionate lowering of the viability when 0b #, c flies 
were at the same time Diminished. 

The male backcross was accordingly repeated (C. 4959). Though not 
quite as marked, the result was similar, the following offspring being ob- 
tained: +90, b p,¢77, Dm 20, 6 p, c Dm 4 (all males). The latter individuals 
were small, weak and had a humid body surface so that they got stuck 
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while emerging from the puparium. It was a general feature that the 
proximal tarsi were in these individuals very short and clumsy, while the 
distal ones were fused and reduced into a very thin thread without claws. 
In the forelegs these malformations caused irregularities in the sex combs 
which were also reduced in size. Though the tarsi are also in ordinary Di- 
minished flies thinner than in the wild-type, these alterations in combina- 
tion with the extreme lowering of the viability were so striking that the 
question arose whether we were here possibly dealing with exaggeration 
of non-included characters. In the few cases in which the wings of these 
b p, ¢ D» flies were unfolded, they were small, but otherwise like those of 
ordinary curved individuals. 

A few tests were arranged in order to look into the matter. Diminished 
males heterozygous for purple were in two cultures backcrossed to purple 
females (C. 4975, 5038). Thé output were in the two cultures: wild-type 
66+59, p, 64449, Dn 32+ 71, Pp, Dm 14+58, respectively. In some young 
pb, Dm individuals the p, character seemed perhaps to be slightly more 
transparent than in ordinary purple flies of the same age. But this seemed 
simply to be connected with the larger and more roundish eye form typical 
of the Diminished individuals. As seen from the totals, there was in one of 
the cultures a certain lowering of the viability of the », D,, flies, but in the 
other, where the viability of Diminished was extraordinarily good, the p, 
D,, class even outweighed the corresponding #, class. 

Analogous tests were also carried out with curved (C. 5051-52) and 
gave: wild-type 96+62, c 92+80, D,, 80+79, c D, 49+31. The curved 
character failed to show any modification in combination with Dimin- 
ished. The tarsi were normal. But it will be noticed that there is a distinct 
lowering of the viability of the c D,, phenotype, although this lowering is of 
an entirely different order from that typical of the compounds of Dimin- 
ished with the included [V-chromosome recessives. 

An F; was also raised from a female heterozygous for b p, c by males 
which in addition were Diminished with the following result (C. 4977): 
+116, b p,¢47;66, p,c3;b p,5,¢7;6¢2, p-1;Dm 71, b p-¢ Dm 3;b Dm 4; 
b p, Dn 1; ¢ Dm 5. The b p, ¢ Dp, flies, all males, had thread-like fused tarsi 
and got stuck while emerging. The other D,, classes showed no dispropor- 
tionate modifications. Finally, two black Diminished males from C. 4977 
were mated to b p, c females and gave (C. 5008): 6 106, b pc 121,b D, 41, 
b p, ¢c Dm 3 (all males of the type described). The ) D,, flies were slightly 
lighter and more brownish than ordinary black individuals, but not more 
so than would be expected in view of the light body color typical of Di- 
minished. 
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Judging from the above tests the very low viability of the b p, c Dn 
phenotype must be due to an additive effect of the lowering of the viability 
caused by these II-chromosome recessives separately in combination with 
Diminished. And the disproportionate modification of the 6 p, c Dm pheno- 
type must correspondingly be due to a summation of latent tendencies 
which are not by themselves strong enough to produce manifest character 
changes. In view of such evidence a certain caution seems advisable when 
it is a question of considering lowering of the viability as evidence of ex- 
aggeration. 

The Diminished-eyeless compound described above (p. 71) contrasts 
with other typical cases of exaggeration in so far as the exaggeration of the 
eyeless character is almost negligible in spite of the very extreme lowering 
of the viability of the compound. This situation seems still more surprising 
if PATTERSON and MULLER (1930) are right in considering a new IV-chro- 
mosome mutation which reduces the size of the eyes as a dominant allelo- 
morph of eyeless. In this case “dominart eyeless” would, according to the 
statements given, have to be considered as a more extreme allelomorph 
than ordinary eyeless. In view of the best analyzed cases of exaggeration 
we would then have expected more extreme character changes, analogous 
to those present in “dominant eyeless,” also in the Diminished-eyeless 
compound, since the analysis of the other cases of deficiency has led to the 
conclusion that deficiency for a given locus represents the final step, the 
bottom, so to speak, of the series of mutative changes that are possible in 
this particular locus (see on this point Mour 1929). 

However, the evidence for “dominant eyeless” being an ordinary point 
mutation allelomorphic to eyeless seems not fully convincing, and PATTER- 
SON and MULLER also express themselves with a certain reservation on 
this point. It is also possible that the apparent inconsistency mentioned 
above may bear relation to the fact that we are here dealing with a chro- 
mosome deficiency. It may well be that a more thorough comparison may 
show that the exaggeration phenomena in section deficiency and in chro- 
mosome deficiency though analogous in main features, may nevertheless 
show typical differences that are not yet recognized. 
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INTRODUCTION 


Many genetic factors suppressing crossing over in Drosophila melano- 
gaster have been described and their locations in the three large chromo- 
somes determined (MorGAN, BriInGES and STURTEVANT 1925). The first 
case of this kind was encountered by A. H. SturtTEvAnt (1913). A genet- 
ic factor located near sooty in the third chromosome inhibited crossing 
over in that region when present in heterozygous condition. The factor was 
therefore considered dominant and was represented by the symbol C 
(crossing over suppressor). However, a fly homozygous for C showed nor- 
mal crossing over values. MULLER found the same crossing over suppres- 
sor and analyzed its effects (MULLER 1916). STURTEVANT later reported a 
case (1919), found in a stock of wild flies collected in Nova Scotia, in 
which two separate crossover suppressors were present simultaneously, 
one in each limb of the second chromosome. The one in the left limb was 
found to suppress practically all crossing over in the half of the chromo- 
some to the left of purple eye color and the one in the right limb had the 
same effect on the region to the right of purple. For this reason they were 
named Cir and Crp respectively. The number II designates the linkage 
group, L the left and R the right limb of the chromosome. As in the first 
case found, no suppression of crossing over occurred when these factors 
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were present in homozygous condition. A similar case of double crossing- 
over suppressors was reported in the third chromosome by PAYNE (1924). 
During the course of the breeding experiments with PAYNE’s suppressors 
(Crip and Cyypp) a lethal arose by mutation in the left limb and another 
in the right limb. Several other cases have been reported where suppres- 
sion of crossing over occurred in definite regions or along the entire length 
of the first, of the second or of the third chromosome. The crossover sup- 
pressors reported by GowEN and GoweEN (1922) for Drosophila, and by 
BEADLE (1930) for maize, which inhibit crossing over in all chromosomes, 
are probably of a different character. 

The experiments reported in this paper were conducted on suppressors 
found by L. Warp (1923). She found flies which showed a new character, 
Curly wings. They were isolated and found to breed true for the character, 
which proved to be a dominant, located in the second chromosome. The 
breeding true, however, was due to “balanced lethals,” such as those found 
by Mutter (1918). Asa rule, neither homozygous Curly nor the homozy- 
gote of the homologous chromosome survived. Curly (symbol=C,) was 
found to be linked with cinnabar-2 (c,”) eye-color, an allelomorph of cinna- 
bar, slightly duller in appearance. It soon became apparent that the pres- 
ence of Curly cinnabar-2 suppressed crossing over along the entire second 
chromosome. High temperatures (30° C and 14° C) were found to increase 
markedly the crossing over above the small amount occurring at the stand- 
ard temperature of 25° C. By such crossing over the Curly and the cinnabar-2 
were separated. Heterozygous Curly without cinnabar-2 gave crossing over 
in the right half but not in the left in which it is located. Heterozygous 
cinnabar-2 permitted normal crossing over in the left limb but inhibited 
it in the right limb in which its locus is. It was assumed that the suppres- 
sion of crossing over was not due directly to the C, and c,? genes but to 
associated crossing over factors, namely, Cir, Cy with C, and Cyg C, with 
Ca’. 

A consistent explanation of the phenomenon of crossover suppressors 
was advanced by SturRTEVANT (1926). From work with Cyyg, a factor 
which he showed to be allelomorphic to his Crm he reached the conclusion 
that the inhibition of crossing over was due to an inversion of a section 
of the chromosome. In the case of Cr a section at the end of the right limb 
of the third chromosome, beginning a few units to the right of stripe, 
showed an inverted order for the genes within it. STURTEVANT also sug- 
gested that the explanation of certain rare crossovers in a fly heterozygous 
for a crossover suppressor was that the chromosomes had synapsed with 
one chromosome inverted in relation to the other. In this case the genes of 
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the inverted section would be opposed to the corresponding genes in the 
normal chromosome in correct order. But only double crossovers would 
then survive, since singles would produce either too large or too small a 
chromosome with consequent derangement of development. 

The experiments described below show that the same explanation of in- 
version holds for the Cy with cinnabar-2. The chromosome containing the 
different order of genic material is then utilized for obtaining information 
upon certain aspects of crossing over. 

The author wishes to express his gratitude to Doctors J. ScHuttz and 
C. B. BripcEs of the CARNEGIE INSTITUTION OF WASHINGTON, to Profes- 
sor A. H. SturTEVANT of the CALIFORNIA INSTITUTE OF TECHNOLOGY, 
Pasadena, California, and to Professors D. E. LANCEFIELD and L. C. 
Dunn of CotumsiA UNIVERSITY for many helpful suggestions in connec- 
tion with the following work. 


ANALYSIS OF Cyr Cy 
Experimental 


Flies of the constitution Cuz Cy Cy Cyr Cy Cn? Sp/di b pr Cn Vg Sp (Gi 
equals aristaless; b equals black body color; p, equals purple eye color; 
c, equals cinnabar eye color; v, equals vestigial wings; s, equals speck, 
pigment spot at base of wings; for the remainder of this paper the sym- 
bols Cy and Cx will be used instead of the longer forms Cuz Cy and Cyr 
C,.) were obtained from C. B. BrincEs and mated to black-purple-Lobe-c 
and black-purple-vestigial females. F; females Cy Cy Cp Cn? 5,/b p, L* 
(L¢ equals lobe eye, piece of eye missing) and Cy Cy Cr Cn? $p/b py v9 re- 
spectively were backcrossed to the second-chromosome multiple recessive 
“albasp” (an abbreviation for the homozygous II-chromosome multiple 
recessive stock : aristaless-black-purple-cinnabar-vestigial-arc-speck) males, 
for the purpose of studying the extent of the suppression of crossing over 
throughout the length of chromosome II. The results are given in tables 
1 and 2. The recombination percentages obtained in experiment 1 were: 
C,y—b(1), 0.0; b—p, (2), 0.4; -—Cp(3), 0.04; Crp—s, (6), 0.04. Within the 
Cr-inversion there were also six double crossovers (4, 5) which will be dis- 
cussed below. In experiment 2 the recombination percentages were: Cy— 
b(1), 0.0; b—p, (2), 0.5; p--—Cr(3), 0.08; Cr—s, (6), 0.01; included doubles 
(4, 5), 5.0. The total crossing over was thus less than one percent of the 
normal amount. 

Some of the crossovers obtained could not be mated successfully. Of 
those that produced offspring, the following flies were shown to carry Cr: 
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vestigial-cinnabar-2-speck, black-purple-cinnabar-2-speck, Curly-Lobe-c- 
cinnabar-2-speck, and Curly-vestigial-cinnabar-2-speck. In Cy v, ¢,? sp 
the Curly did not show on account of the short wings of vestigial, but was 
revealed by testing. These four types of flies arose through rare double 
crossing over within the inverted section (4, 5). Curly-purple-Lobe-c, 
Curly-purple-vestigial and black-purple did not have Cp. 














TABLE 1* 
Perey 
| Cy | Cu? | Sp 
° X“albasp” 7 
162,345 6 
0 2 | 3 | 6 | 4,5 | T 
3926+-3911 10+20 | 1+2 | 2+1 | 34+3 | 7879 
! 








* Explanation of tables: In the diagrams heading each table the chromosome bearing the 
leftmost mutant gene is placed above its homologue, with a horizontal line between them. The 
horizontal bracket for the upper or lower chromosome signifies presence of inverted section 
throughout the region covered by the bracket. Two such bars opposite each other, one for the 
upper, one for the lower chromosome, mean that the fly is homozygous for the inversion. Small 
Arabic numerals, placed below the dividing line and between the symbols for the genes, designate 
the section in which crossing over is followed. In the table the symbol 0 stands for the non-cross- 
over classes. Similarly the numerals in the table headings designate the type of crossing over of the 
flies entered below. Thus, “4, 5” indicates double crossovers—one crossover in region 4, the other 
in region 5. Of the two complementary classes for each crossing-over section, the class which carries 
the leftmost gene is given first or above. T at end of table stands for total number of flies counted 
in the experiment. In those tables in which no temperature is stated the flies were in an incubator 
at 25°C +0.5. 





TABLE 2 
| | 2 
Cy Cn Sp 





9 X“albasp” @* 








3,6 | 4,5 | T 





3843-+3830 19+20 | 0+5 | 0+1 | 342 | 7723 





Experiments were then undertaken to find which genes lay within and 
which outside of the inverted section, if such was the nature of the sup- 
pressor, as assumed. By crossing over in the 'C,! 'Z< ¢,2!1 s,/+ stock a male 
was obtained which was 'Z< C2! s,/+. This male was mated toa ic! Ge /+ 
female (stock) and the F, @ 'C,!'c,2'/'Zec,2!s, females were crossed to black- 
cinnabar-2-speck males. Crossovers appeared in this cross, because the 





1 The square horizontal bracket is used to designate loci within an inversion. 
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mother was homozygous for the crossover suppressor linked with cinna- 
bar-2. A double-crossover fly of the composition oa Te c,2/b la! S, was then 
mated to black-cinnabar-2-speck. This cross produced b Te ¢,2/b al ts 
males, which were mated to = ‘Og Cn?! $p/b 'T¢ ¢,2' females from table 2. 
Daughters from this cross were backcrossed to “albasp” males and gave the 
offspring recorded in table 3. In the diagrams in the headings of tables 3, 
4,5, 6 and 8 the mothers were homozygous for c,? and hence the symbols 


have been omitted from both homologs. 








TABLE 3 
C. | | | 
v U9 Sp 
9 X“albasp” J 
: 8 2 Ie 3| 4 








0 | 2 | 3 | 4: | 2,3 2,4 | 3,4 3 











1726-+1836 | 226+220 121-4116 1009+-997 | 1+6 54+59 | 9+7 6387 





When the data of table 3 are calculated by the ordinary methods, the 
order of genes is as follows: Cy, b L*, vg, sp. The corresponding recombina- 
tion percentages are: Cy—b, 0.0; b—L», 8.9; L*—v,, 4.1; vg —Sp, 33.4. This 
order definitely proves that Cy(Cue Cy) is an inversion, for the normal or- 
der is b, v,, L*, sp (BRmDGEs 1921). Both L¢ and vestigial are included in 
the inversion, as shown by the fact that vestigial, which is normally to the 
left of Lobe-c, is now to the right; that is, the region containing both has 
been reversed. 

In table 1 two flies are listed as black-purple-cinnabar-2-speck. When 
they appeared their genetic constitution could not be ascertained at first, 
and they were temporarily classified as having a new eye-color mutation 
because the combination of purple-cinnabar-2 was not then known to have 
a different eye color from purple-cinnabar, resembling purple more closely 
than the light orange color of p, c,. Further tests, and backcrosses to cin- 
nabar-2 and purple, showed these two genes to be present. As a result of 
having obtained the crossover suppressor with purple the above experi- 
ments were repeated with this additional locus followed. Flies homozy- 
gous for black-purple-'vestigial-cinnabar-2' were obtained and crossed to 
'Lobe-c-cinnabar-2'-speck. F; females, homozygous for Cp and for c,*, were 
backcrossed to “albasp” males. The results are recorded in table 4. The 
recombination percentages are: b—p,, 2.6; p,—L*, 7.9; L°—v, 4.4; %— 
Sp, 30.4. The distance of 2.6 for black-purple may appear to be signifi- 
cantly below its standard value of 6, but later experiments conducted on 
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a larger scale gave consistently values between 4 and 5. None of the other 
values deviate beyond the usual amounts. 


























TABLE 4 
b &® | ®& | 
— —— ——__—— X “albasp” 

1 ua. 4 & 
0 | 1 2 | 3 itie 13 | 14 | 23 24 | 34 | 124] 184 254] T 

| | | a, Se 
1895 | 48 | 226 | 130 | 933| 6 | 3 | 23| 5 | 38] 8 | 3 | 1 | 0 
2155 | 67 | 230 | 144 |1076 5 | 3 | ai Ss | 4 4 1 | 0 | 1 | 7082 














While it is obvious that the Cp inversion included vestigial and Lobe-c, 
and to some extent genes outside this section, it is not certain that the break 
occurred far enough to the left to include the cinnabar locus. However, if 
the locus of cinnabar lies outside the inversion, then some crossing over 
ought to occur between it and the inversion. None has been detected in 
the large scale experiments presented in this paper nor in the large volume 
of miscellaneous work carried out with the Curly stock by BRmDGEs and 
others. It is known, from the work of STURTEVANT on Cyr, that crossing 
over can occur, and in considerable amount, between the locus of the 
spindle fiber and the inversion. In the case of the second chromosome, the 
locus of the spindle fiber has been found to be very close to purple (BRIDGES 
1919, StuRTEVANT 1919) and to the right (DopzHansky 1930). Further- 
more, in the high-temperature experiment reported later in table 7, the 
amount of crossing over between purple and the Cg inversion rose to the 
high value of 2.4 percent: The total absence of crossing over between c,? 
and Cp under this and all circumstances makes it very probable that the 
break came to the left of cinnabar. Hence the locus of c,? in the inversion 
is transposed to a position to the right of Lobe-c and vestigial and near 
the intact terminal section of normal chromosome. 

On the assumption that the break came to the left of the cinnabar locus, 
we may evaluate the probable length of the inverted section. Assuming 
that the break did not occur to the left of the middle-of the purple-cinna- 
bar interval, we may assign 1.5 as the probable maximum length of the 
section normally to the left of cinnabar. The cinnabar-vestigial and the 
vestigial-Lobe-c intervals of 9.5 and 5.0 (MorGAN, BRIDGES and STURTE- 
VANT 1925) are both included. In the homozygous inversion data (tables 
3,5) the purple-Lobe-c interval is about 10.5. All of this is within the in- 
version except the amount by which the break came to the left of cinnabar. 
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If we assume this to have been 1.5 units, then 9.0 units are included. This 
gives a total of 1.5+9.5+5.0+9.0=25 units. In view of what was said 
above, the actual length of the inversion may be smaller than this figure, 
although the difference cannot be great. 

STURTEVANT’S hypothesis provides a simple explanation of the way in 
which the genes for vestigial and Lobe-c crossed into the inverted section. 
When Cx is present in heterozygous condition the following situation 
occurs at synapsis: 

9.64% L° ff 
Normal——_—_—_—_—_—_——_ 


b >, L* 2, Cn? 


This type of synapsis does not allow crossing over to take place in the in- 
verted section of the chromosome because the genes in that region are not 
opposite their homologs. But occasionally synapsis occurs in such a way 
that the genes in the inverted section are opposite their allelomorphs in 
the other chromosome while the remainder of the chromosome is mated 
inversely, as represented by the following diagram: 


b+... 8 & 
normal 


Cz 


$, 6, v, L* 2,6 


The presence of an inversion in one chromosome at synapsis means that 
when one section is opposed by its allelomorphic genes the remainder is 
not. It seems that chromosomes tend to synapse in such a manner as to 
have the larger part opposed by allelomorphic genes. Occasionally, how- 
ever, the inverted fraction synapses homologously, causing the remainder 
to be inverted. The frequency of such synapses would probably be higher 
the longer the inversion or the larger the ratio of the inverted section to 
the remainder. With this type of synapsis it is apparent that single cross- 
overs within the inversion would produce two irregular chromosomes, one 
too short and the other too long in relation to the normal second chromo- 
some. Each of these long chromosomes would be a “deficiency” for the 
region to the right of the inversion and a “duplication” for the region to 
the left. The short chromosomes would be deficient for the left region and 
duplicated for the right region. There is reason to believe that a fly pos- 
sessing either of these chromosomes would not survive, and none have 
been found. Every crossover into the inverted section was either Curly- 
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Lobe-c-cinnabar-2-speck or Curly-purple-vestigial-cinnabar-2, both double 
crossovers. 

The data show that the number of included double crossovers was 11 
in a total of 15,607 flies (tables 1 and 2), a frequency of one in 1420. Since 
these flies are double crossovers, the frequency of the corresponding single 
crossovers which perish should be much higher. For this section of 25 units 
the number of single crossovers would be expected to be about 50 times as 
frequent as the number of double crossovers. This means that the expected 
frequency of single crossovers is one in 28 eggs, or 3.5 percent. Such a 
figure would indicate that the number of cases of inverse synapsis is very 
high, roughly one-seventh of the total cases, since 3.5 is about one-seventh 
of the normal frequency of singles. An accurate evaluation of the frequency 
is impossible because inverse synapsis, by causing the original inversion 
to be opposed by allelomorphic genes, produces on either side of that sec- 
tion non-allelomorphic sections of genes. Such sections would behave like 
inversions and therefore interfere with crossing over even in the inverted 
section where synapsis is in correct sequence. Such a condition would 
necessitate assigning still greater values to the frequency of inverse 
synapsis. 


Conclusions and discussion 


The above data show that we are dealing here with a chromosome about 
a quarter of which is inverted and which therefore presents a different 
order of genic content. That such inversion does not affect the external 
appearances of the fly had been demonstrated in many other cases as well 
as in this instance. The genes are all represented in the normal ratio, or 
in the normal “genic balance.” 

The Cy inversion happens to be situated near the center of the chromo- 
some. It differs in that respect from the inversion reported by StuRTE- 
VANT which is situated at the end of the third chromosome. A central in- 
version has been found by SHLAER (unpublished) in the third chromo- 
some, but it contained only one known gene, cg’, and was therefore less 
useful than the present inversion. 

Experiments reported by BripcEs (1915, 1919), PLoucH (1917, 1921), 
and by BrincEs and Morcan (1919, 1923) show that the centrally located 
regions behave differently with respect to the influence of age and tem- 
perature on crossing over than the regions located at the ends. DoBzHAN- 
SKy (1930) presents evidence corroborating the view that the relation 
between the genetic and cytological maps of these central positions in one 
of the V-shaped chromosomes is also different. STERN’s study of the age 
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effect upon crossing over in chromosome I confirms the view of BRIDGES 
that the presence of the spindle-fiber attachment is correlated with this 
special sensitivity of the central regions of chromosomes II and III. It 
therefore seemed likely that a study of a chromosome containing an in- 
version near the spindle fiber in the center would supply some information 
about crossing over in relation to the above mentioned phenomena. 

1. A study was made of the possible modification of crossing over in one 
arm of the second chromosome, while that in the other arm is inhibited. 
STURTEVANT (1919) and Payne (1924) had shown that in general there 
was no effect of one arm upon the other. But it seemed desirable to see 
whether high or low temperatures would have any effect upon this rela- 
tionship. Some of the data of PAYNE and of DoszHansky (1930) seemed 
to indicate a rise in crossing over values in one arm when none occurred in 
the other, or, as in DoBZzHANSKY’s case, when some interference occurred 
in the other. 

2. Both high and low temperatures, as mentioned above, greatly in- 
crease crossing over in regions that lie in the middle of the second chromo- 
some. The more distant a region is from the center, the less is its crossover 
value affected by the temperature change. In fact, beyond fifteen units to 
the right and probably also to the left of purple, only slight influence of 
temperature on crossing over values has been observed. It is therefore of 
interest to find how a section, which is normally so far removed from the 
spindle fiber that its crossover values are practically unaffected by high 
and low temperatures, would react to the same change of environment 
when transferred by inversion to a point nearer the spindle fiber. Such a 
section is the part of the chromosome lying normally to the right of Lobe-c 
but lying between purple and Lobe-c in the inverted chromosome. Temper- 
ature effects were therefore studied at 25° C, 30° C, 16.5° C and 14° C. 
Controls were also run simultaneously upon the normal chromosome. 
These experiments should decide whether the effect of temperature on 
crossing over is a function only of the genes between the two points in- 
volved, or of the proximity of a section to the point of spindle-fiber attach- 
ment. 

3. Although the published data on coincidence in the second or third 
chromosome are very scanty they seem to show that the general mecha- 
nism shown by WEINSTEIN (1918) to be at work in the first chromosome 
cannot be applied to either of the V-shaped ones as a whole. In fact, the 
statement made by BripcEs and MorGan (1923) that the symmetrical 
behavior of crossing over in each arm of the two large autosomes seems to 
indicate that synapsis and crossing over begin either at both ends of the 
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arms and proceed from there to the center, or that they start at the center 
and proceed simultaneously to both ends, necessitates an analogy be- 
tween the X chromosome and only one arm of the V. 


EFFECT OF CROSSING-OVER IN ONE ARM UPON ITS OCCURRENCE 
IN THE OTHER AT 25°, 30° AND 16° C 
Ex perimental 

The gene for Curly is linked with a genetic factor which suppresses 
practically all crossing over to the left of purple. For this reason it was used 
in heterozygous condition in flies which were also heterozygous for the 
genes, black, purple, Lobe-c, vestigial and speck. All of these except black 
are located in the right arm of the second chromosome. The flies were 
homozygous for the right arm inversion and therefore gave free crossing 
over. 

Females of the constitution black-purple-vestigial-cinnabar-2 were 
mated to C, L‘c,?2s,/+males. The F, Curly-Lobe-c females, homozygous 
for Cp, were backcrossed to “albasp” males. The results obtained at 25° C 
are given in table 5. A year later this experiment was repeated using 





























0 | 2 | 3 | 4 | 5 | 24 | 25 | 3,4 | 3,5 4,5 | 3,4,5 T 
| ae 
1567 3 290 143 | 915 0 0 2 | 76 11 0 
1518 4 243 149 | 873 1 1 1 67 11 1 5876 




















different stocks. Females C, p, v, c,?/“albasp” were mated to a; b L* c,? 
s,/“albasp” males and F, Curly-Lobe-c females, homozygous for Cz, back- 
crossed to “albasp” males. This cross was conducted also at 30° and at 
14.5° C. The results are given in table 6. The recombination percents ob- 
tained from these two experiments at 25° C show very good agreement, as 
can be observed from table 10, where the values at both high and low 
temperatures are also given. 

A control experiment with normal left arms and with crossing over 
prevented in the right arms by heterozygous Cg was also performed. 
Flies homozygous for black-purple-cinnabar-2-speck were mated to 
aristaless-dumpy males (dumpy equals dumpy wings, symbol d,), and the 
F; females backcrossed to males homozygous for aristaless-dumpy-black- 
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TABLE 6 
a b ia | & 
9 X“albasp” @ 
1|C,|2 3p 4 | Sy | 6 
T°C 0 3 4 5 6 3,4 | 3,5 | 3,6 4,5 4,6 5,6 3,4,6 | 4,5,6 T 

















14.5° | 1009 9 | 203 84 | 464] 0 1 1 3 30 3; 0 
1033 10 | 187 80 | 481 1 1 7 2 42 5 1 0 | 3657 


o 


25" 296 1| 47 2) 2751 0 0 0 1 12 2] 0 0 
305 0; 48; 34] 178) O 0 2 0 14 3] 0 1 1131 


30° 523 >| 94] 36] 362; 0 0 9 3 45 12} 0 3 
516 7} 95 | 48] 295] 0 0 2 3 56 15 1 0 | 2130 















































purple-cinnabar-vestigial-speck (“aldpbasp”). The results are given in 
table 7 and the recombination percentages based on them are shown in 
table 10. 


TABLE 7 








° X“aldpbasp” o 
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TC 0 1 2 | 3 | 4 | 5 | 12 | 13 | 14] 23 | 24 | 34 123 |1,24)23.41 T 
16° 1093 | 220 | 501 | 69 3 | 0 | 171 9] O15? 1) 0] 01810 | 
1085 | 216 | 653} 95] 0] O 13/ 9] 0]15] 0] O| 0] 0] 0 |4014 
| | 
j 
25° 1088 | 190 | 433 | 63 2} O} 10] 7] 1] 6] O} 0} 0} 0/0 
1137 | 213 | 465 | 66 5| O] Si 2] O14} 31 0) O198j18 BIG 


30° 429 | 63 | 182 79 
434 | 80] 226] 65 
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Conclusions and discussion 


The data supplied by these experiments indicate that the presence or 
absence of crossing over in one arm of the V-shaped chromosome exerted 
only negligible influence upon its occurrence in the other. Females bred 
at high and low temperatures showed the usual temperature effects. The 
black-purple recombination was about normal (4.2) in the presence of Cp 
and it rose normally to 11.7 at 30° C and to 5.0 at 16.5° C. Similarly 
aristaless-dumpy had a recombination percentage of 11.6 at 25° C (in the 
presence of Cg), 11.1 at 30° C, and 12.0 at 16.5° C. Other similar relations 
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TABLE 8 





a ts | Le i | sp 





9 X“aldpbasp” 
12563 p 4| Sy |6 











14°C 16.5° 25° 30° 14°C 16.5° 25° 30° 
0 5254569] $13-+862|1545+1676| 648+671)| 1,4,5 140}/0+1/ .. | 1+0 
1 63+88 | 129+172| 228+282] 129+132/] 1,4,6 5+5 | 8+6 | 94+15]/12+10 
2 213+273| 356+390| 544+661| 275+312|] 1,5,6 1+0 | 242 | 1+3 | 241 
3 117+114) 98+111) 98+97| 92+89 || 23,4 2+3 | 143 | 1+6 | 143 
4 138+149| 138+152| 2594234] 170+188]| 2,3,5 1+1 | 1+1 | 0+1 | 1+0 
5 26443 | 56+59 | 101+127| 49+57 || 23,6, | 948] 7+7] 3+5 |11+8 
6 2144248] 437+410| 8644894] 334+343|| 2,4,5 .. | 145] 142 | 343 
1,2 74+8 | 1146 | 13421] 19414 || 24,6  |10+4 |13+10/18+22|18+28 
1,3 124+8 | 12+14] 10+8 | 12424 || 2,5,6 1+0 | 1+2 | 544 | 5+6 
1,4 18+28 | 26419 | 34442] 31435 || 3,4,5 O+1 | O+1 | 142 | 242 
1,5 5+6 | 17410] 27+17] 94410 |] 3,4,6 8+4 | 1+1] 341 | 544 
1,6 25+41 | 73+84 | 107+139] 70+90 || 35,6 O+1] .. | 140] 2+0 
2,3 14417 | 11413] 134+7 | 22428 || 4,5,6 1+0| .. | O41 | 442 
2,4 44+49 | 66482] 99+92] 59+56 || 1,2,3,4 2 1+0 
2,5 16+14 | 26+30| 44441 | 22415 |] 1,2,35 | 1+0] .. Ke = 
2,6 75+98 | 155+191| 288+345] 157+165]] 1,2,3,6 .. [2401140] .. 
3,4 24422 | 14416] 16411 | 25420 || 1,2,4,5 .. [240] .. | O42 
3,5 10+11| 3410] 842 6+7 || 1,2,4,6 .. | 140] 140] 241 
3,6 294+37 | 48+55 | 49452] 57+53 || 1,2,5,6 is i .. | 140 
4,5 1+5 5+5 7+5 8+8 || 1,3,4,6 .. | O+4+1 | 140 | 042 
4,6 18+27 | 16+28| 50+66| 67+66 || 1,4,5,6 s iy .. | o 
5,6 4+4 34+4 | 10412] 11414] 23.45 | 140] .. ae 
1,2,3 0+1 i+1 2+0 441 |12346 |2+1] .. | 141] 2+0 
1,2,4 1+0 0+2 1+4 3+8 || 2,3,5,6 ke .. | O+1 | O41 
1,2,5 0+0 0+1 i+1 241 || 2.45.6 e .. | 041} 2+0 
1,2,6 3+1 343 5+14] 14415 |} 1,2,3,4,5| .. ¥ .. | 140 
1,3,4 0+3 5+2 2+0 34+2 || 1,2,3,4,6] .. i .. | 240 
1,3,5 i+1 0+1 1+0 142 || 1,3,4,5,6] .. :: .. 1340 
1,3,6 4+6 4+4 5+5 9413 

¥ 3549 | 5339 | 9398 | 4910 



































are observed in table 10. The values obtained from these experiments 
demonstrate that high or low temperatures were inoperative as factors 
bringing about crossing over where it was inhibited by an inversion. The 
effect of temperature is seen on the regions very close to the spindle fiber 
which are outside of the inversion, but the cinnabar-2-speck region re- 
mained unaffected. 

Unfortunately, from the matings made, I cannot draw any conclusions 
about the possible increase of the frequency of inverse synapsis at the 
temperatures used. 
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TABLE 9 
a tz Ie &% 
9 X“aldpbasp” @ 
1 2 6b 3 ® 4 G@& 59,67 
14°C 16.5° 25° 30° 14°C 16.5° 25° 30° 
0 416+446] 707+710} 828+795| 589-+-629)| 1,6,7 2+0 | 3+1 | 142 | 243 
1 51+66 | 1094149] 126+175} 75+120)) 2,3,4 1+1 | 1+1 .. | 3+1 
2 207+305) 345+464| 3334-418] 267+318)| 2,3,5 6+5 | 34+7 | 1+1 | 443 
3 93+90 | 97+142) 77+66] 90+91 || 2,3,6 2+2 | 1+2 | 140] 1+1 
4 14+37 | 30+35 | 21+33 | 37+49 || 2,3,7 12+8 |10+4 | 2+1 | 447 
2 1034102) 1494174] 1144166} 96+109)) 2,45 et 1+0 | 1+0 | 142 
6 40+48 | 74466] 75+50} 54+30 || 2,4,6 0+1 | 0+2 | 1+0 | 1+0 
7 215+237| 397-+-398] 4344-440] 317+355]| 2,4,7 8+3 | 4+9 | 2+3 |10+6 
1,2 8+3 19+16 9+9 12+13 |} 2,5,6 on 1+0 | 2+1 | 0+1 
1,3 7+8 11+12 6+6 9+14 |} 2,5,7 13+-18]13+-22/10+6 |15+20 
1,4 4+7 1+10 6+2 9+8 2,6,7 1+5 | 2+7 | 242 | 7+4 
1,5 14+14 | 24+33 | 18+26] 20+19 || 3,4,5 -. | O41] 1+0 | 042 
1,6 7+13 | 13417] 10+11 8+10 || 3,4,6 - 1+0]| .. ‘a 
1,7 28+57 | 48+80] 44486] 53+72 || 3,4,7 0+2 | 0+2 | 0+1 | 242 
2,3 13+19 | 26+20 5+5 16+14 || 3,5,6 ne 140; .. | 0+1 
2,4 12+16 | 24418] 10+6 20+24 || 3,5,7 3+8 | 9+7 | 243 | 8+4 
2,5 49+84 | 93+99 |} 56+85 | 45+67 || 3,6,7 3+1 | 1+0 | 0+1 | 542 
2,6 20+29 | 36+60 | 24428] 17+29 || 4,5,6 .. | O+1 ae 3 
2,7 92-+-115} 204+298) 1684-217) 124+195]| 4,5,7 0+2 | 1+2 | 0+1 oe 
3,4 0+2 4+4 3+0 2+3 4,6,7 2+0 1+0 
3,5 15+15 | 21+19] 14410] 18+416 || 5,6,7 0+1 1+0 
3,6 8+7 13+10 6+5 7+4 1,2,3,4 ee 1+1 
Be 42+60 | 58+74| 40+39 | 38+37 || 1,2,3,6 ce 1+0 
4,5 0+3 4+1 3+0 1+6 1,2,3,7 1+1 i 
4,6 2+2 0+1 0+2 1+5 1,2,4,5 “= ac ‘a 1+0 
4,7 7+10 | 10+14 7+7 21+14 |} 1,2,5,7 2+1 | 34+0 | 241 
5,6 1+0 2+1 1+6 2+6 1,3,4,5 1+0 “si 
5,7 28+41 | 44433 | 25422 | 33+34 || 1,3,4,7 a me 1+1 
6,7 2+2 10+6 11+5 8+13 || 1,3,5,7 0+1 | 1+0 
1,2,3 aS 1+0 2+0 4+0 1,3,6,7 1+0 | 1+0 ie 
1,2,4 1+1 1+0 0+1 0+1 1,4,6,7 0+1 
1,2,5 0+3 1+42 i+1 4+5 1,5,6,7 0+1 
1,2,6 2+0 2+2 2+2 0+1 2,3,4,5 .. | 0+1 
1,2,7 3+5 7+8 0+4 10+11 |} 2,3,4,6 1+0; .. 
1,3,4 i i i+1 =. 2,3,4,7 1+0 
1,3,5 4+3 2+5 1+2 5+2 2,3,5,6 ak oh 0+1 
1,3,6 1+0 0+3 0+2 1+1 25554 0+3 | 1+1 1+2 
1,3,7 7+8 6+9 1+2 2+9 2,3,6,7 1+0 0+1 
1,4,5 1+0 1+0 1+0 2,4,5,7 1+0/] .. | O+1 
1,4,6 1+0 2+1 oF 2+1 2,5,6,7 af 1+0/; .. 
1,4,7 be 2+2 2+1 6+2 3,4,6,7 0+1 
1,5,6 0+1 a 0+1 1+0 1,2,3,4,7 1+1 
1,5,7 6+3 5+5 5+5 2+6 1,2,4,5,6,7 0+1 
EY 3521 | 5739 | 5284 | 4514 
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We may compare the inhibiting effects of inversions on crossing over in 
proximal and in distal regions with respect to the spindle fiber. Since the 
Cz inversion includes about 25 units, the extent of the normal chromo- 
some between the right end of the inversion and speck is approximately 
27.5 units. Nevertheless, only negligible crossing over occurs in this region 
when Cx is heterozygous, while in the black-purple section, which is only 
6 units long, but which differs apparently from the former by its nearness 
to the spindle fiber, relatively high crossing over occurs. The same is ob- 
served for the distance between purple and Cz. To summarize, regions 
situated near the spindle fiber show crossing over, though reduced, in the 
presence of an inversion, while much larger regions distal to the inversion 
show practically none. These facts would lead one to conclude that cross- 
ing over (or synapsis) begins at the spindle fiber and not at the ends of 
the chromosome. 

Table 10 shows the purple-cinnabar-2 or purple-Cg recombination per- 
centage to be between 0.1 and 0.27 and to rise at 30° C to 2.4. The black- 
purple distance rises to 1.1 at 30° C. It is probable that the nearer a section 
is to the spindle fiber, the greater is its relative rise at high or low tempera- 
tures. 


EFFECT OF INVERSION UPON THE TEMPERATURE 
EFFECT AND UPON COINCIDENCE VALUES 


Experimental 


One object of the following experiments was to observe the behavior 
of a distal section, normally situated far enough from the spindle fiber so 
as to show no temperature effect, when it is placed near the spindle fiber 
by an inversion. The second problem was to investigate variations, if any, 
in coincidence, that might be produced if the new order of the genes 
affects the behavior of the chromosomes at crossing over. 

In the first series of experiments, females of the constitution black- 
purple-C,-vestigial-cinnabar were crossed to males a; t, L* s,/a; dy. Thor- 
axate (t,), an allelomorph of dumpy, was used here because homozygous 
dumpy would fail to show in the presence of vestigial. Although thoraxate 
is lethal when homozygous, ¢,/d, was found by BrincEs to be viable. It 
was easily classifiable under the conditions of these experiments. F; females 
obtained from the above cross, of the constitution a; t, L° Cn? $p/b py Vg Cr’, 
were backcrossed to males homozygous aristaless-dumpy-black-purple- 
cinnabar-vestigial-speck (“aldpbasp”). These multiple recessive males 
were found to be very poorly viable. They mated with difficulty with the 
F, females, which were wild-type in appearance, except for the dominant 
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Lobe-c eye. Large males from first hatches of pair cultures were therefore 
selected for use. They were placed with the females in 2 <3 inch vials for 
two days, after which interval the mated flies were transferred to bottles. 
On an average one mating in seven was successful. To obtain recombina- 
tion percentages for the temperatures higher or lower than 25° C, the P; 
flies were allowed to lay eggs at 25° C until larvae appeared in the bottles, 
which were then transferred to the respective incubators. The F; virgin 
females were isolated from the bottles, which had been kept at the desired 
temperatures, and were then mated at 25° C, at which temperature they 
remained. 

The results for the first series of experiments, where F,; females, homo- 
zygous for Cg, were mated to aristaless-dumpy-black-purple-cinnabar- 
vestigial-speck males, are given in table 8. The recombination percentages 
computed on the basis of the flies obtained in this series of experiments are 
recorded in table 10. 

For the second series of experiments, which were to serve as controls, 
flies were synthesized to contain the same genes in both normal chromo- 
somes, as in the experimental chromosomes. Females homozygous for 
black-purple-cinnabar-vestigial were mated to males a, t, L? s,/a; d, and 
the F, females were backcrossed to aristaless-dumpy-black-purple-cin- 
nabar-vestigial-speck (“aldpbasp”) males. The experiments were per- 
formed at the same temperatures as the previous series in which the F; 
females were homozygous for the inversion. In fact the experimental cul- 
tures of both series were always kept together in the same incubator at the 
respective temperatures. The range of variation of all incubators was 
+0.5° C. The results obtained are presented in table 9. In this series, as 
well as in the previous one, males and females were classified separately 
because it was believed by Doctor BripcEs that males having the genes 
t,/d, occasionally fail to show the character, while females show the char- 
acter strongly. In neither of these experiments did the #,/d, male class 
overlap the wild-type class. Overlap would have given very asymmetrical 
“1, 2” double crossover classes, which did not occur; nor was the total 
of the 1, 2 doubles abnormally high. The male and female data have ac- 
cordingly been combined. The recombination percentages obtained from 
the different experiments are given in table 10. The standard map of 
MorcGan, BrincEs and StuRTEVANT in the Genetics of Drosophila is repro- 
duced in figure 1 for the purpose of comparison with the values obtained 
from our experiments. Withal the agreement is quite satisfactory. The 
fact that the two large sections thoraxate-black and Lobe-c-speck do not 
show close agreement is to be expected, since these distances on the 
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standard map are built up from their constituents when intermediate 
genes are used. : 


Conclusions and discussion of the temperature effect 

On comparing the recombination percentages of the flies recorded in 
tables 8 and 9 which carry inversion bearing and normal chromosomes 
respectively, we see that both high and low temperatures produce an in- 
crease in crossing over which is about twofold for the regions immediately 
to the right and left of purple, that is, black-purple and purple-cinnabar. 
The further away a section is from purple the smaller is the influence of 
high and low temperatures upon crossing over in that section. The most 
central sections black-purple and purple-cinnabar show an average rise 
of about 100 percent. In the normal chromosome the distance vestigial- 
Lobe-c is increased only slightly, if at all, and this section is only about 13 
units to the right of purple. This gradient of effect by temperature is shown 
by the normal chromosome and also by the one containing the Cz in- 
version. (See standard map of chromosome II, Morgan, Bridges and 
Sturtevant, 1925.) 

The rise in the recombination percentage for cinnabar-vestigial in the 
normal chromosome is variable in quantity though always present. It 
happens that the value for that interval at 25° C obtained in our experi- 
ment (11.2) is higher than the one (9.0) given by MorGAN, BrIDGEs and 
STURTEVANT (1925). The increase in crossing over for c,—v,, based on our 
normal value at 25° C, is 16 percent at 30° C, 27 percent at 16° C and 41 
percent at 14° C. The increases for the similarly placed section in the 
inversion-bearing chromosome, that is, in the purple-Lobe-c distance, are 
70 percent at 30° C, 11 percent at 16° C and 50 percent at 14° C. The 
purple-Lobe-c distance in the Cg-chromosome consists mostly of genes 
which were brought into this position by the inversion. Normally this 
section of the chromosome does not show any special increase in its cross- 
ing over at 30° C or 14° C. But in the inversion, purple-Lobe-c increases 
markedly, as stated above. In the normal chromosome the section be- 
tween purple and vestigial, consisting of purple cinnabar and cinnabar 
vestigial, increases 45 percent at 30° C, 35 percent at 16° C and 50 percent 
at 14° C. These figures are quite comparable with those given above for 
the percentage increase in the identically situated section within the in- 
version-bearing chromosome. 

Attention should be drawn to the fact that the Lobe-c-vestigial distance 
does not show any significant difference in its increase at the effective 
temperatures in the two chromosomes in which it was studied, the normal 
and the one bearing the inversion. A comparison of the diagram on page 
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87 shows that the vestigial-Lobe-c section is only slightly nearer to the 
point of spindle-fiber attachment in the inversion-bearing chromosome 
than in the normal. The difference in position, about 3 units, was not 
sufficient to produce a measurable difference in increase in crossing over, 
especially since the section happens to be situated about eleven units 
to the right of the spindle fiber, where temperature is not as effective as a 
modifying agent of crossing over. 

Reciprocally, the genic material situated just to the right of the spindle 
fiber (P-—Cn, Cn —V,) gives a marked increase with the effective tempera- 
ture when in the normal chromosome. But this same material, when car- 
ried by the inversion to a point in the middle of the right arm, gives only 
negligible increase (part of the v,—s, section in the Cg chromosome). 
Thus three comparisons have been made: (1) Genic material that nor- 
mally is situated far from the spindle fiber and which there gives only 
negligible temperature effect gives marked effect when carried near the 
spindle fiber by the inversion. (2) Genic material that is normally situated 
near the spindle fiber and there gives a marked temperature effect no 
longer gives this effect when those genes are placed more distal by the in- 
version. (3) The genes near the center of the inversion (the v, — L¢ section) 
are not much displaced nearer to or farther from the spindle fiber by the 
inversion, and both in the normal chromosome and in the Cg chromosome 
this section gives the same, not-marked, temperature effect. The con- 
clusion to be drawn from these observations is that the sequence of the 
genic materials within the chromosome studied is not an essential part of 
the reactions or mechanisms which are affected by the temperature. The 
temperature effect is determined by the position of the genes in relation 
to the spindle fiber and not by the specific nature of the section of the 
chromosome itself. This confirms the conclusion reached by BRIDGES 
from study of the relation of the spindle-fiber position to the intensity of 
the age effect in normal chromosomes. 

The next point upon which these experiments were expected to shed 
some light was the problem of coincidence. By coincidence is meant the 
ratio of the number of double crossovers obtained to the number expected 
if one crossover does not influence the position of the next. When a given 
distance undergoes 10 percent of crossing over and another one 15, it is 
expected that simultaneous or coincident crossovers occur in a total of 
10 percent X15 percent = 1.5 percent. Actually it is found that the number 
obtained is less than that expected. It was stated above that it would be 
of interest to know whether the values of coincidence were modified by the 
change of genic content within the chromosome. Coincidence has been held 
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to arise from the assumed internode formation by chromosomes preceding 
crossing over. If the postulated internode section, or actual length of 
block of genes transferred by a double crossover, is a purely physical phe- 
nomenon, then its size should not be modified by changes in genic con- 
tent. The relative internode length can be inferred from coincidence 
values. Thus, the coincidence for all distances in the two types of chromo- 
somes, normal and “inverted,” was computed and is recorded in table 11. 


Analysis of coincidence data 


Coincidence of sections located in different 
arms of the same chromosome 


The data of the four experiments with homozygous Cz and homo- 
zygous normal chromosomes seem to indicate, as found in the past, that 
the further apart two sections are on the chromosome map the greater are 
their coincidence values. This behavior is observed regardless of whether 
both sections lie in one arm of the chromosome or in different arms. For 
our purposes we may compare sections that are relatively near to each 
other but do not lie within the same arm. Such sections in the Cg chromo- 
some are black-purple in the left and purple-Lobe-c or Lobe-c-vestigial in 
the right limb. Similar sections are black-purple and cinnabar-vestigial in 
the normal one. It is to be expected that if crossing over in one arm is 
entirely independent of crossing over in the other, the coincidence of two 
sections located in different arms should vary about a mean of one. Table 
11 shows that this is not the case; the values rarely reach one. Even if we 
take two sections at opposite ends of the chromosome, as far from each 
other as possible, the coincidence values obtained, while fairly high, do 
not consistently reach the value of one. 

If we divide all coincidence data into two groups (table 11), one con- 
sisting of values of sections within the same arm, either right or left, and 
the other of sections in both arms simultaneously, we notice that the first 
group gives fairly uniform values, all low. The only temperature which 
gives consistently higher values is that of 30° C, while 14° C, which has 
the same effect on crossing over, does not show the same uniform rise. No 
rise of coincidence values with temperatures is observed in the second 
group. It can also be seen that group 2 presents on the whole greater 
variations than group 1. Another point which the data bring out is that 
for equivalent lengths of map the intervals near the center show higher 
values than those at the ends. Unfortunately, these data do not contain 
small sections at the end of the chromosome, so that no exact comparison 
of coincidence for identical lengths at the outer and inner ends of an arm 
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can be made on the basis of small sections. It is apparent, nevertheless, 
that sections 5—6 of group 1 normal chromosome which includes 14 units 
in one arm very close to the center give a much smaller value than sec- 
tions 3-5 group 2 (normal) which is 17 units long and includes both arms. 

From the data on coincidence of sections located in both arms of the 
chromosome it is apparent that crossing over in the two arms is not en- 
tirely independent. If crossing over in one arm were entirely independent 
of that of the other, then, theoretically, coincidence should be approxi- 
mately one, which was not the case. We must therefore assume that al- 
though crossing over in one arm is largely independent of the other, some 
mechanism exists, connected perhaps with the spindle fiber, which in- 
terferes with simultaneous crossing over in both. 


Comparison of coincidence in normal and 
inversion-bearing chromosomes 


The figures recorded in table 11, group 1, bring out another point about 
the behavior of the arms of the Cg and the normal chromosomes. The 
regions involved in the right arm are so arranged that they correspond to 
regions analogous with respect to their distance from purple, but geneti- 
cally different. Thus, 4-5 in the Cg chromosome represents coincidence 
of the purple-Lobe-c and Lobe-c-vestigial sections, while its analog 5—6 in 
normal chromosome represents values for the purple-vestigial and ves- 
tigial-Lobe-c distances. As demonstrated above, purple-Lobe-c in the in- 
version and purple-vestigial in the normal chromosome involve partly 
different chromosomal material, and the Lobe-c-vestigial and vestigial- 
Lobe-c regions in their respective chromosomes involve the same material 
but in different order. The inversion occurred so that the Lobe-c-vestigial 
fraction remained in about the same position in respect to the spindle 
fiber, because purple-Lobe-c in Cg and purple-vestigial in the normal chro- 
mosome are about equal in length, namely 15 and 17 units each, respec- 
tively. Thus, a comparison of the coincidence values in the part of the 
chromosome between purple and speck should demonstrate whether any 
significant difference in the presumable loop formation of the two chro- 
mosomes has occurred. As far as the coincidence data go, they seem to 
show good agreement between the two chromosomes, section by section. 
The values for the left end also agree quite well. On the basis of such 
general comparison it seems permissible to conclude that the underlying 
mechanism at work in this case is not affected by the sequence of the genic 
content of the chromosomes. 
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SUMMARY 


1. It is demonstrated that the suppression of crossing over in the right 
arm of the second chromosome, which was considered to be due to a 
genetic factor CypC ,, is the result of an inversion of a part of the chromo- 
some. 

2. The inverted section includes the genes for Lobe-c and vestigial, and 
probably for cinnabar, but not purple. It is therefore located near the 
center of the chromosome. Its maximum length is estimated to be 25 units. 

3. The frequency of inverse synapsis of the chromosomes as calculated 
is unexpectedly high, approximately one-seventh of the cases. 

4. No effect was found for the absence or presence of crossing over in 
one arm of the second chromosome upon its occurrence in the other arm 
at various temperatures. 

5. The increase in crossing over at 30°C, 14° C and 16° C for sections in 
one arm, when crossing over is inhibited in the other, is the same as in the 
normal chromosome. 

6. A gradient of size of increase in crossing over values, produced by 
breeding F; females at 30° C and 14° C, extends from purple to the right 
and probably to the left for about 15 units. This gradient operates to the 
same degree in the chromosomes homozygous for an inversion as in the 
normal chromosome. 

7. When a piece of chromosome situated normally in a section not 
affected by temperature (the part of the right of Lobe-c) is brought near 
to the spindle fiber by an inversion, it shows the temperature effect char- 
acteristic of its new location. When a piece of chromosome normally 
situated in a part affected by temperature is removed by inversion and 
relocated in a more distal region, it loses its sensitivity to temperature and 
behaves as does genic material that is normally situated at that distance 
from the spindle fiber. The central genes of an inversion are not displaced 
toward or from the spindle fiber and correspondingly do not change their 
reaction to temperature. Increase of crossing over with temperature is 
thus a property of the position of the genes in relation to the spindle fiber 
and is not a function of the genes. 

8. In the presence of an inversion in one arm (heterozygous), crossing 
over is much more frequent in a section situated between it and the spindle 
fiber than in one of equal length situated between it and the distal end of 
the chromosome. On that basis the probable point of the beginning of cross- 


ing over (or synapsis) in this V-shaped chromosome is at the spindle 
fiber. 
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9. That coincidence of sections located respectively in the two arms of 
the second chromosome is uniformly below one, shows that crossing over 
in the two arms is not completely independent. 


10. A comparison between the coincidence values obtained for chro- 
mosomes homozygous for an inversion and for the normal chromosomes 
shows that no significant disturbances are created in the mechanism re- 
sponsible for coincidence upon inverting part of the chromosome. Sections 
situated similarly with respect to the spindle fiber give the same coinci- 
dence values regardless of change in genic material. 


11. The coincidence values of two sections located in opposite arms of 
the second chromosome are higher for equivalent distances than those of 
sections located in the same arm. 


12. When a section of chromosome from the center is introduced into a 
terminal region no measurable change in crossing over is observed for the 
transposed section. 
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